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Abstract
Molecular spectroscopy, the branch of science which studies the interactions be-
tween light and matter, is an excellent tool to extract information on the system
under investigation, where light is used as an external control element. The study
of molecular vibrations employing infrared (IR) femtosecond pulses allows us to
capture the molecular motions of the building blocks of life – proteins, in an ultra-
fast time-resolved manner. Here, two-dimensional infrared (2D-IR) and transient
infrared (TRIR) spectroscopies have been used together to investigate the peptide-
ligand recognition event and the associated allosteric transition in a PDZ2 domain.
The recognition of the peptide-ligand interaction has been performed employing dif-
ferent site-specific azidohomoalanine (Aha) PDZ2 domain mutants, exploiting the
sensitivity of this IR label to detect subtle changes of its chemical environment,
without altering the chemical and biological properties of the studied system by its
introduction. A peptide-ligand variant with an azobenzene moiety within its struc-
ture has been employed to promote a non-equilibrium allosteric transition in the
PDZ2 domain by ultrafast photoisomerization of it. The experimental results reveal
that a small number of discrete time scales are characteristic of the overall PDZ2
domain non-equilibrium allosteric transition. In addition, another biological system
has been investigated, where the binding affinity between the two elements which
constitute the enzyme RNase S can be controlled by light reversibly, achieving in




Two-dimensional infrared (2D-IR) spectroscopy [1–8] is an innovative spectroscopic
technique with a broad field of application, as it sheds light on the structure and
dynamics of a multitude of systems. The complex dynamics of liquids [9–12], vibra-
tional energy transfer mechanisms [13–16] and peptide-protein structural rearrange-
ments [17–22] are all subjects which have been studied with it and represent only
a small fraction of its full potential. Transient infrared (TRIR) spectroscopy is an-
other useful tool to study the non-equilibrium dynamics of various processes where
an intense UV or a visible (VIS) pulse is needed to promote a perturbation, whose
effects on the system under investigation are probed using an ultrafast IR pulse [23–
26]. The strength of these two spectroscopic techniques, 2D-IR and TRIR, is the
combination of their intrinsic high time resolutions with their significant structural
resolutions. These characteristics make 2D-IR and TRIR spectroscopies two com-
plementary techniques to Nuclear Magnetic Resonance (NMR), where its inherent
high structural resolution has been exploited from years for protein structure deter-
minations [27–30], despite its intrinsic time resolution limitations. What determines
the time resolution for the observation of a molecular process is the characteristic
dephasing time of the transition under investigation, which is in the order of mag-
nitude of a few picoseconds for standard molecular vibrations in solution, compared
to milliseconds for typical nuclear spin transitions [31, 32]. The previous state-
ment is valid in the homogeneous limit, or in other words, when the characteristic
timescales of the molecular process in question are much faster than the timescale
of the method employed for its observation (e.g. pulse duration, see Kubo line shape
theory [33, 34]), which is often the case in NMR spectroscopy.
Both 2D-IR and TRIR spectroscopies allow us to observe the vibrational mo-
tions of the system under study, revealing information about changes of its structure
and chemical environment. Depending on the type of molecular vibration which is
investigated, a different kind of information can be obtained, observing the system
from a distinct point of view, e.g. from a local or an overall perspective. Site-specific
infrared labeling has been exploited as a strategy to monitor local structural changes
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in several biological systems [35–42]. The introduction of azido (-N3), cyano (-CN),
thiocyanate (-SCN), and thiol (-SH) functional groups into protein structures, have
been employed by several researchers to address scientific questions of this type,
where different interactions of the IR label with its chemical environment influence
its spectral properties [35–44]. However, the observation of the system under study
from an overall point of view can be beneficial, and the information obtained in this
way is complementary to site-specific infrared labeling. As an example, the peptide
bond is a well established infrared reporter concerning the secondary structure of
proteins and peptides; the amide I mode, which is due mostly to the carbonyl (C=O)
stretch vibration, is strongly sensitive to the backbone structural rearrangements of
proteins and peptides [45]. A change of the secondary structure of such systems
affects the amide I band, which can be used as an infrared reporter of the overall
motions of proteins and peptides. It has to be stressed that, while a change of the
secondary structure provokes a response of the amide I band, a change of the latter
cannot easily be correlated to a structural rearrangement of the protein in a specific
zone of it. Moreover, if the biological system under study is composed of more than
one unit, as in the case of e.g. a protein-peptide or a protein-protein complex, it can
be difficult to interpret the structural information contained in the amide I band.
In short, the amide I mode gives insight into the overall structural rearrangements
of the system and lacks site-specificity as anticipated previously, due to its intrinsi-
cally highly convoluted nature. The global information contained within the amide I
band, which gives rise to congested infrared spectra, can be converted to site-specific
information when isotope labeling strategy is employed [46–50]. In this case, the
peptide bonds with a different isotopic composition, e.g. naturally abundant 12C16O
versus 13C16O or 13C18O carbonyl groups, can be exploited to disentangle the con-
tributions of the various peptide bonds to the overall amide I absorption band. It
has been reported that the isotope labeled 13C16O and 13C18O carbonyl groups red-
shift the amide I absorption frequency of circa 20-35 and 60-70 cm−1 [46–48, 51],
in comparison to the naturally abundant 12C16O case, respectively. Furthermore,
the simultaneous employment of the various isotope labeled peptide bonds together
with 2D-IR spectroscopy, can reveal crucial structural information of the biologi-
cal system in question, due to the possible couplings and energy transfer processes
which can be observed between the different vibrational oscillators as off-diagonal
peaks in the 2D-IR spectrum [52].
The study of protein-peptide complexes is of paramount importance in science to
understand binding mechanisms and molecular interactions, which e.g. can give rise
to allosteric signal propagation and can be involved in cell signaling [53]. The coor-
dination of multiple cell actions, which is crucial for the communication processes
among cells and protein complexes, is at the basis of the regulation mechanisms in
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living organisms. This transmission of flow of information, which is referred in the
literature as signal transduction [54], is composed by a series of cascading events
where each of them often involves an allosteric protein complex [55, 56]. Allostery,
i.e. the intriguing phenomenon of communication between two distant sites in a
biological system, transmits specific signals through single proteins, large multido-
main protein complexes, and long-range distances in cells to deliver precise infor-
mation which induces a specific cellular response. Cell signaling involves allosteric
propagation and PDZ domains are one example of single domain allosteric proteins
which are present in several multidomain scaffold proteins [57, 58]. The allosteric
response of PDZ domains induced upon ligand binding or upon ligand phosphory-
lation, have been investigated employing NMR spin relaxation experiments [59–62].
The binding event or the modulation of the binding affinity via ligand phospho-
rylation provoke variations of the protein side-chain fluctuation dynamics, which
provide us with information about the phenomenon of allostery in PDZ domains
[59–65]. It has to be stressed that NMR spin relaxation experiments give insight
into the fluctuation dynamics of the molecular system under study at the chemical
equilibrium, observing the relaxation dynamics of different active nuclear spin nuclei
[66, 67]. In order to investigate the non-equilibrium allosteric signal propagation in
PDZ domains, a spectroscopic technique with an intrinsic higher time resolution
than NMR spectroscopy is needed, e.g. transient infrared (TRIR) spectroscopy. In
addition to it, a non-equilibrium trigger is necessary to initialize the perturbation,
ideally in a reversible manner. Azobenzene compounds are chemical tools which are
ideal candidates for this task; they can be controlled by light and photoisomerized in
both trans to cis and cis to trans directions employing two different wavelengths, re-
versibly [68, 69]. Moreover, the photoisomerization event happens on a ps time scale
[70–72], which is compatible with the possibility to perform ultrafast time-resolved
experiments. The power of photocontrol is the capability to use azobenzene com-
pounds as optical switches, i.e. photoswitches which can be employed to modulate
e.g. protein-peptide interactions and the functions of biomolecules, using light as a
reversible external control element [73]. A relevant enzyme whose catalytic activ-
ity depends on protein-peptide interactions is the RNase S complex [74, 75]; it is
composed of two units, a protein part called S-protein and a peptide moiety named
S-peptide. What is remarkable of this enzyme is the fact that the crucial amino acids
of it, which are part of the active site and are involved in the catalysis, are split
into the two units, S-protein and S-peptide. In other words, the RNase S enzyme
is not active when one of the two components is absent. It would be fascinating to
photocontrol the interactions between S-protein and S-peptide and consequently to
modulate the RNase S enzymatic activity by light, which can be an arduous task to
be realized but definitely, with outstanding potential.
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1.1. PDZ Domains
In the next sections of this chapter, the elements which have been used as molec-
ular systems during my PhD activity will be introduced separately, one at the time,




❼ RNase A/RNase S
1.1 PDZ Domains
PDZ domains are protein-protein interaction modules whose abundance and diver-
sity make them relevant to many cellular and biological processes. Several PDZ
mediated interactions are involved in signaling transduction complexes [57–59, 76–
85]. Different sorts of multidomain proteins, which contain PDZ modules within
their structures, are shown in Fig. 1.1. Among the membrane-associated guanylate
kinases (MAGUKs), postsynaptic density protein 95 (PSD-95) is one of the first
three proteins where PDZ domains were identified. The other two, which give rise
together with PSD-95 to the acronym “PDZ”, are Drosophila disc large tumor sup-
pressor (DLG1) and zonula occludens-1 (ZO-1) [86]. PDZ domains are mainly found
in metazoans, especially in all three metazoan genomes: Caenorhabditis elegans, D.
melanogaster and Homo sapiens [57, 87, 88]. Besides worms, flies, and mammals,
PDZ domain homologues have been later discovered in yeast, bacteria, and plants
[89, 90], highlighting how wide is the spread of this class of proteins in nature. PDZ
domains are relatively small proteins of circa 80-100 amino acids, with a canonical
fold of 6 β-strands (βA-βF) and 2 α-helices (αA-αB) (see Fig. 1.2A) [58, 59, 77, 92].
An extended groove between the strand βB and the helix αB forms a pocket which
allows the binding of peptide-ligands via β-strand addition [93, 94]. The structural
changes of PDZ domains upon ligand binding are minimal, e.g. PSD-95 reveals
an α carbon root-mean-square deviation (RMSD) variation of 0.9 ✝A [57, 91]. The
recognition of C-terminal binding sequences of circa 5 amino acid residues happens
through the “carboxylate-binding loop” (see Fig. 1.2B), which has the following well-
conserved sequence motif among the PDZ domains: R/K-X-X-X-G-L-G-F where X
can be any amino acid [57]. It can be noted from its structure in Fig. 1.2B that
many hydrogen bonds and some hydrophobic interactions are responsible for the
recognition mechanism. The C-terminal target sequence can belong to a short pep-
tide or to the extreme C-terminus of another PDZ domain [95].
The nomenclature for the target sequence is the following: the C-terminal residue
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Figure 1.1: Examples of higher-order organization of PDZ domains found in signal-
ing proteins. Proteins are indicated in black lines scaled to the length of the primary
sequence of the protein; PDZ domains are shown in yellow. Other domains are in-
dicated as abbreviations (from SMART) (Schultz et al. [88]) as follows: SH3, Src
homology 3 domain; GuK, guanylate-kinase-like domain; LIM, zinc-binding domain
present in Lin-11, Isl-1, Mec-3; PH, pleckstrin-homology domain; RBD, Raf-like
Ras-binding domain; RhoGEF, Rho-like GTP-exchange factor; DAX, Dishevelled-
and axin-homology domain; DEP, Dishevelled-, Egl-10- and pleckstrin-homology do-
main.
Adapted with permission from Harris, B. Z. & Lim, W. A. Mechanism and role of
PDZ domains in signaling complex assembly. Journal of Cell Science 114, 3219–
3231 (2001). Order detail ID: 71889075, Order License: 4580150840910, ISSN: 1477-
9137, Publisher: The Company of Biologists Ltd, Confirmation Number: 11811604,
Order Date: 05/01/2019.
is called the P0 residue and the next amino acids towards the N-terminus are named
P−1, P−2, P−3, etc.. Studies of Songyang et al. [95] and Schultz et al. [96] indi-
cate that the residues P0 and P−2 are the most important ones for the recognition
mechanism. Depending on the preferences of PDZ domains to bind specific residues
at these two sites, they can be classified at least in three principal classes in the
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Figure 1.2: Structure of the PDZ domain and mechanism of peptide recognition.
(A) Ribbon diagram of PSD-95 PDZ domain 3 (residues 306-394, shown in red)
with a bound peptide (NH2-KQTSV-COOH, shown in blue). Names of β-strands
and α-helices are indicated. The side chains of the peptide P0 residue (valine) and
P−2 residue (threonine) are shown in stick form, as is the terminal carboxylate.
(B) Diagram of the peptide-binding pocket. Residues in the PDZ-domain-binding
pocket are shown in black; the peptide is shown in blue. Hydrogen bonds are drawn
as red dotted lines, and hydrophobic packing is indicated by green arcs. (C) Solvent-
accessible surface representation of the structure shown in (A) (probe radius = 1.4
Å). The peptide is drawn as in A, and key binding pockets are indicated by circles
(Doyle et al. [91]).
Adapted with permission from Harris, B. Z. & Lim, W. A. Mechanism and role of
PDZ domains in signaling complex assembly. Journal of Cell Science 114, 3219–
3231 (2001). Order detail ID: 71889075, Order License: 4580150840910, ISSN: 1477-
9137, Publisher: The Company of Biologists Ltd, Confirmation Number: 11811604,
Order Date: 05/01/2019.
following way [57, 95]:
❼ PDZ domain class I ⇒ sequence motif recognition: S/T-X-Φ-COOH
❼ PDZ domain class II ⇒ sequence motif recognition: Φ-X-Φ-COOH
❼ PDZ domain class III ⇒ sequence motif recognition: X-X-C-COOH
where Φ are hydrophobic amino acids (usually valine (V), isoleucine (I) or leucine
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(L)) and X can be any residue. As we can see from the classification, the P0 residue
is often hydrophobic, ensuring in this way a strong interaction with the inner hy-
drophobic part of the PDZ domain binding pocket. Regarding the PDZ domain class
I, a histidine residue is present in a separate pocket (see Fig. 1.2B) allowing in this
way a specific hydrogen bond interaction between the histidine N-3 nitrogen and the
hydroxylated side chains of both serine (S) or threonine (T) residues present in the
P−2 position of the ligand. The PDZ domain class II has the characteristic to have
a leucine (L) or a methionine (M) instead of the above mentioned histidine, which
allows the specific recognition of hydrophobic residues (Φ) at the P−2 position [97].
PDZ domains can bind selectively also internal peptide sequences, like in the case of
α1-syntrophin PDZ domain (see Fig. 1.3); it can recognize the canonical C-terminal
peptide sequence NH2-VKESLV-COOH (Fig. 1.3A) [96] or the internal “β-finger”
motif of the nNOS PDZ domain (Fig. 1.3B) [98]. This “double recognition” is
not controversial but rather connected by the fulfillment of the same energetic re-
quirements regarding the binding event. An internal motif can be suitable for the
recognition when the overall tertiary structure of it, with its environment, mimics
the conformation of the C-terminal target ligand. The nNos β-finger interacts with
the syntrophin PDZ binding groove via a phenylalanine (F) and a threonine (T)
residue at the P0 and P−2 positions, where the C-terminus is substituted by a sharp
β-turn.
Figure 1.3: The same PDZ domain can recognize two structurally distinct ligands.
The α1-syntrophin PDZ domain is shown as a gray solvent-accessible surface. (A)
The ligand is canonical peptide NH2-VKESLV-COOH, shown as a red tube (Schultz
et al. [96]). (B) The ligand is the nNOS PDZ domain with its distinctive β-finger
motif (indicated), shown as a red ribbon diagram. The internal peptide motif that
mimics a C-terminal peptide is indicated (Hillier et al. [98]).
Adapted with permission from Harris, B. Z. & Lim, W. A. Mechanism and role of
PDZ domains in signaling complex assembly. Journal of Cell Science 114, 3219–
3231 (2001). Order detail ID: 71889075, Order License: 4580150840910, ISSN: 1477-





Proteins are biomolecules which play a crucial role in life. They are constituted of a
precise sequence of amino acids which allows them to fold into a characteristic three-
dimensional structure – conformation to which a specific function is associated. Site-
specific infrared labeling is an exceptional strategy to obtain selective information
in biomolecules; the employment of infrared (IR) light to excite a specific molecular
vibration can be used as a spectroscopic method to investigate the subtle changes
of its local chemical environment in response to a specific event. In order to obtain
site-specific insight on the regulatory mechanisms which affect several biological
systems, originating from e.g protein-peptide interactions, the ideal IR label should
have an absorption frequency in the spectral window between 1700 and 2800 cm−1,
where the vast absorption background of proteins is absent [35, 43, 44]. Moreover, it
should be non-invasive in the sense that the insertion of the label should not affect
the characteristics of the biological system in question. Azidohomoalanine (Aha) is
a non-canonical amino acid (see Fig. 1.4) which absorbs at circa 2110 cm−1, and
it is employed as a sensitive, site-specific and minimally invasive IR label [35, 36,
99–103].
Figure 1.4: Azidohomoalanine (Aha)
Aha can be incorporated into proteins and peptides essentially in any position
of their primary structures, using methionine auxotrophic protein expression strat-
egy [99, 100] and fluorenylmethyloxycarbonyl (Fmoc) solid-phase peptide synthesis
[104]. The azido group (-N3), which is present in the structure of this unnatural
amino acid, is a relatively strong infrared absorber with an extinction coefficient
(ǫ) value of ≈ 350-400 M−1 cm−1 [102]. It has been shown that the variation of
the polarity of the Aha chemical environment affects the absorption frequency of
the vibrational label [35, 36, 99–103]. For example, Taskent-Sezgin et al. [36] ob-
served a vibrational blue shift of the Aha label of ≈ 19 cm−1 in D2O passing from
a solvent-hindered/hydrophobic to a solvent-exposed/hydrophilic chemical environ-
ment, where the unfolding event of an NTL9 protein Aha mutant was promoted
via thermal denaturation in this case. Furthermore, they demonstrated that the
insertion of Aha into the NTL9 protein structure did not affect the folding of it,
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confirming the minimally invasive nature of the label.
1.3 Azobenzene Photoswitches
Azobenzene photoswitches are chemical tools which can be used as light-controlled
triggers for biomolecules [68, 69, 105, 106]. In addition to these, caged compounds
are another class of molecules which can be employed for the same purpose [107–109].
The latter act as inhibitors for biological systems through the presence of a “caging
group” which makes the biomolecules inactive. Upon irradiation, the caging group
can be cleaved, and the biological activity restored with the disadvantage that the
light-induced liberation of the biomolecule is often an irreversible step. One of the
advantages of employing azobenzene photoswitches relies on the reversibility of the
isomerization process, which is ensured by their azobenzene moiety and its capability
of trans, cis isomerization (see Fig. 1.5), employing two different wavelengths. Other
two important aspects of azobenzene have to be underlined; firstly, the distance
between the carbons at the para positions of the phenyl rings changes of ≈ 3.5 ✝A
upon its isomerization [68]. Secondly, the photoinduced isomerization of azobenzene
happens in the sub-ps regime [70, 71]. Both the previous aspects and the reversibility
of the azobenzene isomerization process highlight the potential of this molecule to




Figure 1.5: Azobenzene trans and cis isomers
Azobenzene compounds were discovered in the mid-1800s [110, 111] and since
then, they were employed for several years as synthetic colouring agents to be used
in the dye industry. Despite their recognition by the scientific community for more
than a century, scientists started to study the photochemistry of azobenzene and
of its derivative only in the mid-1900s. The trans and cis UV-VIS absorption
spectra of azobenzene are distinctive of each isomeric form, where two main ab-
sorption bands are present and both their spectral positions and intensities are
14
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affected by the isomerization process [68]. The trans isomer is more stable than
the cis form with the difference of circa 10-12 kcal mol−1 or in other words, the
percentage of azobenzene molecules in the trans configuration is ≫ 99%, in the
dark at the equilibrium [112]. The trans form has a strong absorption band at
λmax ≈ 320 nm (ǫ ≈ 22000 M
−1 cm−1) and a much weaker one at λmax ≈ 450 nm
(ǫ ≈ 400 M−1 cm−1). The difference in the extinction coefficients is due to the in-
trinsic nature of the electronic transitions involved where the one in the UV region
is symmetry allowed (π → π∗ excitation), while the one in the visible is symmetry
forbidden (n → π∗ excitation) [113]. The corresponding π → π∗ absorption band of
the cis isomer is weaker and blue-shifted at λmax ≈ 270 nm (ǫ ≈ 5000 M
−1 cm−1),
while the n → π∗ band does not shift considerably but it becomes stronger (λmax
≈ 440-450 nm, ǫ ≈ 1500 M−1 cm−1).
Both quantum yields and mechanisms of the isomerization process depend on
the excitation wavelengths employed to promote it, solvent polarity and viscosity,
pressure and temperature [114–119]. The presence of substituents and their posi-
tions on the phenyl rings of the azobenzene moiety influence both properties too
[120]. Regarding the quantum yields, the cis to trans isomerization is favoured re-
spect to the trans to cis one for both π → π∗ and n → π∗ transitions. Moreover,
between the π → π∗ and the n → π∗ transitions, the quantum yields of the n → π∗
transition are higher. For example, in the case of n-Hexane as solvent, the cis to
trans isomerization quantum yields (Φcis→trans) of azobenzene are ≈ 0.44 and ≈ 0.56
as a result of the π → π∗ and n → π∗ excitations, while the corresponding ones
for the trans to cis process (Φtrans→cis) are ≈ 0.11 and ≈ 0.25, respectively [113,
116, 121]. It has to be stressed that after illumination of azobenzene, the relative
concentrations of the trans and cis forms at the photoequilibrium depend on the
quantum yields for both Φtrans→cis and Φcis→trans isomerization processes and on the
relative extinction coefficient values of the trans and cis species; both the previous
parameters are strongly dependent on the wavelength employed to conduct the ex-
periment and while thermal relaxation gives rise to essentially 100% of the trans
isomer, photoisomerization of azobenzene via π → π∗ or n → π∗ excitation leads to
different amount of trans and cis isomers at the photoequilibrium. For example,
Fischer reported that illumination of azobenzene in methylcyclopentane as solvent
at 0◦C with 313 nm or 436 nm radiation results in a photostationary state of ≈ 22%
and ≈ 88% of trans azobenzene, respectively [115]. Concerning the isomerization
mechanism, rotation, inversion, concerted inversion and inversion-assisted rotation
have been proposed to clarify the complex photochemistry of azobenzene, which
has been a topic of debate in the scientific community for several years [118, 119,
122–127].
The research group of Andrew Woolley at the University of Toronto performed
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a tremendous amount of work in the research field of photoswiches; a multitude of
variants have been designed and synthesized, whose characteristics differ in terms
of UV-VIS absorption spectra, isomerization wavelengths, steric hindrance, thermal
cis to trans relaxation times and solubility in water [68, 128–134]. Various research
groups (Hamm, Woolley, Wachtveitl, just to mention a few of them) took into ac-
count the idea of photoswitching peptides [71, 72, 135–144]. Hamm and Wachtveitl
performed ultrafast time-resolved experiments in this regard [71, 72, 135, 136, 138–
140]. Woolley and coworkers studied the effect of photoswitching on the helical
content of peptides, varying the linking distance of the photoswitch within the pep-
tide structure [142, 143]. As a result of it, it has been observed that the anchoring
spacings i+4 and i+7 have the effect to increase the amount of the helical content
upon trans to cis peptide photoswitching, as revealed by circular dichroism (CD)
measurements [142]. On the other hand, spacing i+11 stabilizes the peptide helix
in the trans configuration of the photoswitch. Moreover, Hamm and collaborators
explored the research field of protein photoswitching, carrying out ultrafast time-
resolved experiments on a photoswitchable PDZ2 domain protein [145, 146].
In order to perform ultrafast time-resolved experiments on biomolecules, the
following requirements have to be taken into account:
❼ The photoswitch has to be reactive towards the target molecule to ensure the
chemical linkage between the two units. The specificity of the chemical bond
is guaranteed by the reactivity of the two free thiol groups of the cysteine (C)
residues on the biomolecule with the two acyl halide functional groups on the
photoswitch [131, 134, 147].
❼ The photoswitch should be as much as possible soluble in water for two reasons:
firstly, the linking reaction should be performed in water, the natural solvent
of biomolecules. Secondly, the photoswitch should decrease the solubility of
the biomolecule in water as little as possible, once the latter is linked to it.
High concentration values in the mM regime are needed to perform ultrafast
time-resolved infrared experiments.
❼ Ideally, the photoswitch should lock the biomolecule in an “off” functional
state when the azobenzene moiety is in one of the two cis or trans configura-
tions, while the biomolecule should be active when the chromophore is in the
other isomerization state. Depending on the positions where the photoswitch
is linked to the biomolecule, the extent to which the previous statement is
achieved can change dramatically.
Bearing in mind the previous considerations, two different photoswitch variants
(see Fig. 1.6) have been employed by Hamm and coworkers; both photoswitch ver-
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sions, which differ mostly for their solubility in water [131, 134], are present in the
articles [35, 101, 148] and chapters of this thesis, as well as in other papers pub-
lished in the past by previous Hamm’s group members [72, 135, 145, 146, 149].
The water-soluble photoswitch has two hydrophilic sulfonate groups (—SO3
– ) at
the meta positions of the azobenzene moiety which ensure its water solubility. Both
water-soluble and water-insoluble photoswitch variants have comparable UV-VIS
absorption spectra and extinction coefficients [131].
Figure 1.6: Water-insoluble and water-soluble photoswitches (top and bottom chem-
ical structures, respectively).
The water-soluble version in Fig. 1.6 (bottom structure) has been used to mod-
ulate the conformation of a PDZ2 domain and of the S-peptide unit in the RNase S
complex by photoisomerization of it (see chapters 2 and 5 for details). The water-
insoluble variant (see Fig. 1.6, top structure) has been employed to obtain a novel
peptide-ligand for the same PDZ2 domain as before (see chapters 3 and 4 for details).
The water-insoluble photoswitch showed a higher reactivity in the linking reaction
with the latter peptide-ligand, in comparison to the water-soluble version, and this
is the reason for its choice and usage in this case. Due to the presence of hydrophilic
amino acid residues in the primary structure of this peptide-ligand, the linking of
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the water-insoluble photoswitch to it did not compromise the water-solubility of the
linking product greatly, which is water-soluble at mM concentrations. However, it is
recommended to use the water-soluble version with the sulfonate groups (—SO3
– )
whenever it is possible.
1.4 RNase A/RNase S
Ribonuclease A (RNase A) is an enzyme which does not need presentations; it has
been the reference point for years in the field of protein stability, folding, and chem-
istry as well as in enzymology and molecular evolution [75, 150, 151]. Two Nobel
Prizes in Chemistry were assigned for the work on this enzyme; Christian B. An-
finsen was honoured in 1972 “for his work on ribonuclease, especially concerning
the connection between the amino acid sequence and the biologically active con-
formation”, while Stanford Moore/William H. Stein “for their contribution to the
understanding of the connection between chemical structure and catalytic activity of
the active centre of the ribonuclease molecule” (from The Royal Swedish Academy
of Sciences, https://www.nobelprize.org/prizes/chemistry/1972/summary/) [152–
154]. A few years after, Bruce Merrifield was rewarded in 1984 “for his development
of methodology for chemical synthesis on a solid matrix” (from The Royal Swedish
Academy of Sciences, https://www.nobelprize.org/prizes/chemistry/1984/summary/)
with which the total synthesis of RNase A was performed [155, 156].
As the word suggests, ribonucleases are enzymes which catalyze the depolymer-
ization of ribonucleic acid (RNA) [157, 158]. The bovine pancreatic RNase A was
discovered in the pancreas of ruminants, where large quantities of RNA needed to be
digested. In this way, the phosphorus and nitrogen contained in it could be recov-
ered and recycled by the organism of ruminants in order to satisfy their metabolic
needs. It is interesting to note that the amount of pancreatic RNase A in verte-
brates changes abruptly from species to species, for example in a cow, kangaroo,
mouse, and horse there are ≈ 1200, 600, 400 and 25 times the equivalent amount of
RNase A contained in the pancreas of a human, respectively [159].
Isolation methods of RNase A from bovine pancreas were proposed by Kunitz
and McDonald in the mid-1900s [160–162]. The drastic conditions employed for
the RNase A purification steps (e.g. storage solution 0.25 N sulfuric acid at 0-5◦C
followed by heating at 95-100◦C for 5 minutes at pH 3) highlight the incredible sta-
bility of this enzyme.
The four disulfide bridges among the cysteine (C) residues C26-C84, C58-C110,
C40-C95, C65-C72 (see Fig. 1.7, amino acids coloured in yellow) contribute to the
overall conformational stability of RNase A. The C26-C84 and C58-C110 disulfide
18
1.4. RNase A/RNase S
bonds establish a chemical connection between α-helical and β-sheet regions of the
enzyme, enhancing stability more than do the C40-C95 and C65-C72 disulfide link-
ages, which connect different surface loop regions of RNase A [75, 147]. The C40-C95
and C65-C72 disulfide bridges contribute also to the efficiency of the enzymatic ac-
tivity, allowing the proper positioning of lysines K41 and K66 in the active site of
RNase A [163]. All the four disulfide bonds are involved in the folding mechanism of
the enzyme as well as the cis oriented proline residues (P93 and P114, highlighted
in grey in Fig. 1.7) [75, 164, 165].
The amino acids which are crucial for the catalytic activity of RNase A are H12,
H119, and K41 (see Fig. 1.7, residues highlighted in red). The imidazole groups of
the two histidines act one as a base (H12) and the other one as an acid (H119) in the
catalytic mechanisms, while K41 stabilizes the negatively charged transition state
during the RNA breakage [75, 166–168]. Other residues like Q11, F120 and D121
are involved in the stabilization of the transition state too, while positively charged
amino acids such as K7 and K66 and R10 play a key role in the recognition of the
negatively charged phosphate backbone of RNA [75, 169].
Moreover, the cleavage of the specific peptide bond between the 20th and the
21st amino acids is observed when RNase A is treated with the enzyme subtilisin,
giving rise to two subunits named S-peptide (residues 1-20) and S-protein (residues
21-124) [170]. The two components together form the adduct RNase S, where the
letter “S” refers to the subtilisin protease. It is interesting to note that neither
S-protein or S-peptide are enzymatically active, while the adduct RNase S has a
catalytic activity comparable to the intact enzyme RNase A [75, 150, 170]. The
first 20 amino acids of the RNase A primary structure have been coloured in blue
in Fig. 1.7, in order to highlight the “S-peptide part” of the enzyme which assumes
an α-helical conformation.
Despite the fact that the tertiary structures of RNase A and of the complex
RNase S are similar, S-peptide assumes a disordered and an unfolded structure when
it is unbound from S-protein, while S-protein adopts a much more flexible conforma-
tion in the absence of S-peptide [74, 171–174]. These characteristics make RNase S
an interesting model system to be studied in order to clarify the issue concerning the
binding mechanism between S-protein and S-peptide, which is not well understood
yet [175–177]. Two association mechanisms have been proposed as limiting binding
scenarios with the names “induced fit” and “conformational selection” [178], where
the discrimination between the two is based on the chronological order of the bind-
ing and conformational change events. The former hypothesis considers the binding
of S-protein with unfolded S-peptide, which is followed by the S-peptide folding.
The second mechanism assumes the S-protein recognition of a small fraction of free
already folded S-peptide molecules into an α-helical conformation, instead. Since
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both S-protein and S-peptide undergo disorder to order transition upon binding,
the previous approach seems to be too simplistic for the description of the RNase S
formation mechanism as proposed by Dogan et al. [179], where multi-step binding
reactions have to be taken into account as regards to complex molecular systems
like intrinsically disordered proteins.
Figure 1.7: Ribonuclease A (RNase A). The picture was processed with the software
PyMOL using the PDB structure 5RSA [180]. Different colours were used in order
to highlight distinct aspects of the enzyme. S-peptide part (blue), S-protein part
(green), disulfide bridges formed by the cysteine residues (yellow), crucial amino




2D-IR Spectroscopy of an Aha
Labeled Photoswitchable PDZ2
Domain
Here, the study of a PDZ2 domain system is presented where the site-specific in-
frared label azidohomoalanine (Aha) [35, 36, 99–103] has been exploited as a sensi-
tive, local infrared reporter for the PDZ2 domain chemical environment by the use
of 2D-IR spectroscopy [101]. Aha has been inserted in six different positions (one
at the time) within the protein structure to verify if the structural changes between
the apo and holo states of the PDZ2 domain (with ligand unbound and bound, re-
spectively) could have been sensed by Aha to obtain site-specific information about
the overall apo/holo process. The ligand-binding has been mimicked (it has been
confirmed by NMR spectroscopy) by photoisomerization of an azobenzene moiety
covalently linked to the binding groove of the PDZ2 domain, where the cis and
trans configurations of the photoswitch [131, 141, 143] mimicked the apo and holo
states of the PDZ2 domain [145]. The photoswitch which has been used in this case
is the water-soluble version reported in Fig. 1.6 (bottom chemical structure) [131,
141, 143]. The 2D-IR responses of the six different Aha mutants were recorded with
the trans and cis photoswitch configurations. Upon photoswitching, an interesting
and uncommon result was observed for one particular mutant, as described in the
following paper.
∗ I contributed to this paper confirming the results in Fig. 3 and Fig. S3 ob-
tained for the mutants L78Aha and N80Aha by the acquisition of their purely
absorptive 2D-IR difference spectra, with the proof of the L78Aha stability
before and upon illumination of it with a 370 nm cw diode laser (Fig. S4),
and confirming the results reported with the FTIR difference spectra in Fig.
S5.
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ABSTRACT: We explore the capability of the non-natural amino acid
azidohomoalanine (AHA) as an IR label to sense relatively small structural
changes in proteins with the help of 2D IR difference spectroscopy. To that
end, we AHA-labeled an allosteric protein (the PDZ2 domain from human
tyrosine-phosphatase 1E) and furthermore covalently linked it to an
azobenzene-derived photoswitch as to mimic its conformational transition
upon ligand binding. To determine the strengths and limitations of the AHA
label, in total six mutants have been investigated with the label at sites with
varying properties. Only one mutant revealed a measurable 2D IR difference
signal. In contrast to the commonly observed frequency shifts that report on
the degree of solvation, in this case we observe an intensity change. To
understand this spectral response, we performed classical MD simulations,
evaluating local contacts of the AHA labels to water molecules and protein
side chains and calculating the vibrational frequency on the basis of an electrostatic model. Although these simulations revealed in
part significant and complex changes of the number of intraprotein and water contacts upon trans−cis photoisomerization, they
could not provide a clear explanation of why this one label would stick out. Subsequent quantum-chemistry calculations suggest
that the response is the result of an electronic interaction involving charge transfer of the azido group with sulfonate groups from
the photoswitch. To the best of our knowledge, such an effect has not been described before.
I. INTRODUCTION
Proteins are dynamical objects. The structural dynamics of
proteins involve equilibrium processes, such as thermally driven
fluctuation, as well as nonequilibrium processes, such as the
conformational transition in a light-triggered protein. Vibra-
tional spectroscopy provides an inherent picosecond time
resolution to study both equilibrium and nonequilibrium
processes. However, obtaining site-selective information from
vibrational spectroscopy will in general require vibrational
labels, because the IR spectrum of a molecule of that size is no
longer resolved into its normal modes. Ideally, such vibrational
labels should absorb outside of the congested region of the
absorption spectrum of a protein1−5 to discriminate it from a
huge background. Various distinct molecular groups have been
suggested for that purpose: −SH vibrations of cysteines,6 −CD
vibrations of deuterated amino acids,7−9 −CO vibrations of
metal−carbonyls either from natural cofactors such as a heme
group10−12 or from complexes that can be bound to amino
acids in a post-translational step,13−15 as well as −N3,
16−22
−CN,23,24 and −SCN25 vibrations from non-natural amino
acids. All these molecular groups have in common that they
absorb in a spectral window between ≈1700 and ≈2800 cm−1,
where essentially no fundamental modes of natural proteins are
found (with the one exception of the −SH vibrations of
cysteines), and where the only background originates from the
still quite strong but very broad and featureless absorption of
the solvent water.
In addition to having a frequency in that spectral window, a
good label should fulfill the following criteria:
• The extinction coefficient of the label should be large
enough that it can be detected at reasonable concen-
trations. As most proteins are not soluble at high
concentrations, the goal is to measure at concentrations
of around 1 mM or below. This concentration range is
comparable to what is commonly used for NMR
measurements.
• It should be versatile and incorporable at essentially any
position of a protein with good yields and at a high
purity.
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• It should not significantly perturb the structure and the
stability of a protein.
• The label should be sensitive to its environment, e.g.,
sense the polarity or hydrophobicity of its surrounding.
With these criteria in mind, we currently concentrate on the
non-natural amino acid azidohomoalanine (AHA) as a label,
which contains an azido group (−N3) that absorbs at around
2100 cm−1. It has a reasonably high extinction coefficient of
300−400 M−1 cm−1,20 large enough to be measured at
concentrations well in the submillimolar regime by 2D IR
spectroscopy.4,22 As a small amino acid that is a methionine
analog, it can be incorporated also into larger proteins (which
can no longer be synthesized on a peptide synthesizer) at
essentially any position by a methionine auxotrophic protein
expression strategy.26,27 It does not perturb protein properties
very much, as evidenced, for example, by the fact that labeling a
peptide ligand with AHA affects its binding affinity to a PDZ2
domain only to a small extent.20 Finally, AHA has been shown
to be a sensitive probe of its environment. For example, when
AHA is buried in the hydrophobic core in the folded state,17 the
azido band blue-shifts by up to 20 cm−1 upon protein
unfolding. Along the same lines, it can also be used to detect
binding of an AHA-labeled peptide ligand to a larger protein, in
which case the degree of solvation of the label diminishes,
causing a red shift of its vibration.20,22 Such shifts have been
explained mainly by changes in hydrogen bonding to the first
and/or third nitrogen atom of the azido group as well as to
variations in the angle between the hydrogen bond and the
azido group.21,28 Furthermore, the vibrational frequency is also
influenced by the polarity of the environment;21 e.g., Coulomb
interactions to the middle nitrogen atom of the azido group can
shift the vibration.18
In the present study, we explore the capability of the AHA
label to sense relatively small structural changes of a protein,
i.e., changes much smaller than those occurring upon unfolding.
To that end, we employ a protein construct that we have
designed and characterized recently, Figure 1.29−32 That is, we
have chosen the second PDZ (PDZ2) domain from human
tyrosine-phosphatase 1E (hPTP1E), which has been studied
extensively as a model allosteric protein from different
perspectives, i.e., structural,33−35 dynamical,36−38 or computa-
tional.31,32,39−48 To investigate the allosteric mechanism by
transient IR spectroscopy, we have covalently linked an
azobenzene derivative across the binding groove of the PDZ2
domain in such a way that the light-driven trans−cis
isomerization of the photoswitch induces a structural transition
in the protein, which mimics ligand unbinding in the native
system.29 By NMR analysis (PDB entries: 2M0Z and 2M10),
we have confirmed that the structural changes, which are of the
order of 1 Å, are of similar size as in the native system.
We have shown by transient IR spectroscopy that the protein
responds to the light-induced perturbation on two time scales,
one extending up to ≈100 ns that reflects the opening of the
binding groove (which we know because luckily we could
isolate one specific normal mode localized on the azobenzene
derivative), and a second phase on a 10 μs time scale.29 We
have no information from experiment on the structural nature
of the second phase, because we did not employ any label that
would reveal site-selective information. On the basis of
molecular dynamics (MD) simulations, we suggested that it
involves some of the more flexible and remote loop regions of
the protein and/or the termini.31,32 MD simulations also
suggested29 that the water solvation shell changes on the time
scale of the binding groove opening even relatively far away
from the perturbation, and we proposed that both aspects (i.e.,
structural changes of regions far away from the binding groove
and/or changes in solvation) might be possible mechanisms of
allostery. On the basis of the experience from previous works
employing AHA in other molecular systems,17−22,28 it appears
possible that this label can sense such effects in a photo-
switchable PDZ2 domain, and it is the goal of the present paper
to explore whether this is indeed the case.
As a first step in this direction, we consider stationary
difference spectra comparing the two states of the protein, and
leave time-dependent transient experiments for a future
publication. To explore the capability of the AHA label as a
probe of the change of the local structure, the following criteria
have been used to select the positions for the AHA label:
• Amino acids close (L78, N80, I20) versus far away (N16,
S48, L66) from the photoswitch have been selected, to
investigate the dependence on the distance from the
perturbation.
• Amino acids within secondary structural elements (L78,
S48) versus loop regions (N16, L66) have been selected.
Whereas the PDZ2 domain undergoes only small shifts
in the more rigid secondary structural elements, larger
conformational changes can be observed in the flexible
loops.29
• Surface exposed amino acids (N80, N16, S48) versus
amino acids buried in the hydrophobic core (L66, I20)
have been selected. Only the former will sense changes in
protein solvation.
• Finally, we considered only amino acids of similar size for
mutation, and only neutral amino acids to avoid shifts of
the isoelectric point of the protein.
Parts a and b of Figure 1 show all amino acids that have been
mutated to AHA (for each mutation, only one amino acid at a
time). We use 2D IR spectroscopy instead of FTIR
spectroscopy owing to the inherent sensitivity gain of 2D IR,
which for the most part originates from its quadratic
dependence on the extinction coefficient that significantly
reduces the solvent background in a relative sense.4
Furthermore, because the measurement beams are small, and
because we can light-induce the trans-to-cis transition,
extraordinary low amounts of protein sample are needed (≲1
Figure 1. Photoswitchable PDZ2 domain with the positions of amino
acids, which have been mutated to AHA, indicated in green. Only one
amino acid has been mutated at a time in the experiment. Left: front
view to the binding site of the protein. Right: top view.
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nmol) in 2D IR difference spectroscopy. These low amounts
compensate for the fact that protein preparation is quite
tedious.
II. MATERIAL AND METHODS
II.A. AHA-Labeled, Photoswitchable PDZ2 Domain. To
produce protein containing the non-natural amino acid AHA,
we have modifed a protocol that has been described before27 as
follows: Starting from the previously used pET30a(+) vector
containing two mutations S21C and E76C for the cross-linking
of the photoswitch,29 additional single residues were mutated to
methionine for the insertion of AHA by site-directed
mutagenesis (QuikChange; Agilent, Santa Clara, CA). A
methionine auxotrophic cell strain (E. coli B834(DE3);
Novagen, Merck Millipore, Darmstadt, Germany) was used
for the protein expression. Cell cultures were grown in LB
medium with 30 μg/mL kanamycin at 37 °C to an OD600 of
0.8. The LB cultures were centrifuged at 3500 g and 20 °C for
20 min and afterward immediately resuspended in a minimal
medium (SelenoMet Base medium with SelenoMet Nutrient
mix from Molecular Dimensions, Newmarket, U.K.) supple-
mented with 100 μg/mL AHA (Bapeks, Riga, LV) and 30 μg/
mL kanamycin, where they were incubated at 37 °C for 30 min
to use up residual methionine. IPTG (1 mM) was added and
the protein was expressed at 37 °C. AHA is a potentially
reactive amino acid and can be modified during protein
expression and purifcation. A short expression time of 4 h was
therefore chosen to minimize protein modifications, despite a
somewhat lower yield. The cell cultures were centrifuged at
3500 g and 4 °C for 20 min and then stored at −20 °C.
The His-tagged protein was purified using nickel magnetic
beads (Bimake.com, Houston, TX, USA) following the
recommended protocol. Tris buffer (50 mM), pH 8.5, was
used for cell lysis; the protein was denatured with 6 M
guanidinium chloride and then refolded on the nickel magnetic
beads. Residual nickel, which was bound to the protein, was
removed by adding 40 mM EDTA and incubating overnight at
4 °C. A yield of about 7 mg protein per liter of cell culture was
determined using a Bradford assay. SDS-PAGE and mass
spectrometry were performed to control the purity of the
protein.
As photoswitch, we employed an azobenzene derivative
containing two sulfonate (−SO3−) groups to increase its
solubility in water.49 For its cross-linking, a protocol similar to
the one described in ref 29 was used. However, the reduction of
the cysteins, to which the photoswitch binds, had to be
performed under milder conditions, because any reducing agent
that is commonly used for that purpose would also reduce the
azido group of the AHA, resulting in a primary amine. The
reaction conditions had to optimized, so that most of the
disulfide bridges were reduced while most of the AHA
remained intact. That is, 1 mM TCEP (from a 100 mM
TCEP stock at pH 8.5) was added to the protein at a
concentration of around 50−200 μM in 50 mM Tris buffer, pH
8.5, 500 mM imidazole and 40 mM EDTA. This solution was
incubated at room temperature for no longer than 15 min. In
principle, the reduction of disulfide bonds could be omitted
completely to avoid any destruction of AHA, which, however,
would lower the yield of the cross-linking reaction dramatically.
As in ref 29, the reducing agent was subsequently removed
by desalting chromatography (HiPrep column, GE Healthcare,
50 mM Tris buffer, pH 8.5), and the protein was cross-linked to
the photoswitch under an oxygen free (nitrogen) atmosphere at
room temperature for at least 6 h. Cross-linking was performed
in a highly diluted solution to minimize the formation of
oligomers (10 μM protein to 100 μM photoswitch). The cross-
linked protein was purified using anion exchange chromatog-
raphy (HiTrapQ column, GE Healthcare). The His-tag was
removed by digestion with HRV 3C protease, and the cleaved
protein was purifed with nickel affinity chromatography (His-
Trap HP column, GE Healthcare). The purified protein was
concentrated and desalted into 50 mM borate buffer with 150
mM NaCl at pH 8.5. Finally, the protein was lyophilized and
dissolved in D2O. Mass spectra of all mutants considered in this
study are shown in Figure S1 (Supporting Information),
emphasizing the excellent purity of the final labeled and cross-
linked protein.
II.B. Difference 2D IR Spectroscopy. For the difference
2D IR spectroscopy, we used an instrument described
before.20,22 In brief, mid-IR pulses were generated in a home-
built two stage OPA with a difference mixing stage50 pumped
by a commercial Ti:S amplified laser system (Spitfire, Spectra
Physics) running at 5 kHz. The OPA yielded pulses at 4.7 μm
and ≈3 μJ per pulse with an energy stability better than 0.3% at
500 shots. The 2D-IR instrument used a four wave mixing
phase-matching geometry employing a HeNe trace beam to
accurately determine the delay times51 and a polarization-based
balanced heterodyne detection.52 The signal was detected on a
2 × 32 MCT detector array after dispersing it in a spectrograph
with a resolution of 7 cm−1. A photoelastic modulator (PEM)
was used to induce a quasi-phase shift on pulses 1 and 2 to
suppress scattering.53 The time domain data were collected into
2.11 fs long time bins (defined by the HeNe wavelength) with a
maximum scanning time of 3 ps, revealing a spectral resolution
of 2.7 cm−1 after zero-padding by a factor 2 and subsequent
Fourier transformation. Purely absorptive spectra were
obtained by alternative scanning of beams 1 and 2 backward
in time. The population time was kept constant at 300 fs to
minimize nonresonant effects from overlapping excitation
pulses.
At the protein concentrations considered in this study
(1 mM or below), the AHA signal is buried under the
background from the D2O buffer (essentially the wing of the
OD-stretch vibration that is centered at ∼2500 cm−1). We
therefore measured difference 2D IR spectra; i.e., we first
measured a spectrum of the dark adapted protein, in which case
the photoswitch is in the trans configuration. The sample was
then switched into cis by illuminating it at 370 nm from a cw-
diode laser (CrystaLaser CL-2000) for about 3 min, and a
second 2D IR spectrum was measured without changing any of
the alignment (but with continuous illumination with the 370
nm laser). The difference of the two spectra was then calculated
after phasing them independently, using the phase of the water
background also contained in the data as a reference (see ref 54
for details). Because the water background is the same in that
light-induced difference spectrum, it did not have to be
measured independently and a stationary cuvette with only
≈1 μL of sample volume was sufficient for these experiments.
For the unfolding difference spectrum, however, L78AHA was
resuspended in 6 M guanidinium chloride, deuterated buffer
solution at pH 8.5 to ensure complete unfolding. The final
spectrum is a double-difference spectrum, i.e., the spectrum in
the unfolded state minus that of the corresponding buffer,
subtracted from the folded state minus corresponding buffer.
To subtract out the buffer contribution, a syringe pump sample
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delivery system together with a flow cell was used to exchange
sample,20,22 requiring much larger sample volumes of ≈100 μL.
II.C. Molecular Dynamics Simulations. Recently, Bu-
chenberg et al. performed a detailed molecular dynamics (MD)
study of the structural changes of photoswitchable PDZ2 upon
cis−trans photoisomerization.31 Following this work, we carried
out MD simulations of photoswitchable PDZ2 including AHA
labels as present in the experiment. To minimize computational
time, three labels were considered per simulated system (in
contrast to experiment, where only one amino acid was
replaced per sample). Selecting label positions such that no
AHA group interacts with another one, the first system
contained AHA labels at sequence positions 16, 66, and 78, and
the second system at positions 20, 48, and 80. Both systems
were simulated in the cis and trans configuration of PDZ2, using
Gromacs 4.6.7 with a hybrid GPU-CPU acceleration scheme.55
In all simulations, the protein was placed in aqueous solution
including 150 mM NaCl. The side chains of all four histidine
residues (33, 54, 72, and 87) in all initial structures were chosen
to be ϵ-protonated. The protein was described using the
Amber99SB*ILDN force field,56−58 water molecules by the
TIP3P model,59 and ions with the model of ref 60. The
parametrization procedure using Antechamber61 and Gaus-
sian0962 and the resulting force field parameters of the AHA
labels are described in the Supporting Information. All bonds
involving hydrogen atoms were constrained,63 allowing for a 2
fs time step. Electrostatic interactions were calculated using
PME.64 The minimum cutoff distance for electrostatic and van
der Waals interactions was set to 1.2 nm. To couple the system
to a heat bath, we used the velocity-rescale algorithm65 and for
pressure coupling the Berendsen algorithm.66 After energy
minimization, the systems were simulated for 100 ns at a
pressure of 1 bar and a temperature of 300 K.
Data evaluation was carried out with Gromacs tools.55 To
determine intraprotein polar contacts, we used g_mindist to
calculate the minimal distances between the −N3 atoms of the
AHA residue and all polar atoms found within a 1 nm radius of
the azido group (with respect to the starting structure). Contact
distributions were then obtained by histogramming the MD
data with 0.01 nm binning width. We defined a contact to be
formed if the minimal distance between a azido group nitrogen
atom and a protein nitrogen or oxygen atom is shorter than
0.45 nm.67 In a similar way, we analyzed contacts between AHA
and water as azido group/water oxygen atom distances with a
cutoff of 0.45 nm, as well.
II.D. Calculation of Vibrational Spectra. We used the
empirical model of Cho and co-workers28 to estimate
vibrational shifts δω caused by changes in the electrostatic
environment of the AHA labels. By calculating the electric field
Ej(t) at the nitrogen atoms (j = 1, 2, 3) of the azido group for
each MD snapshot at time t, we obtain the spectral shift




with coefficients aj given in ref 28. Electric fields were
computed via a reaction field approach55,68 using a cutoff
radius rc = 2.3 nm. From the frequency trajectory δω(t) with a
time step of 15 ps, the distribution of the vibrational shifts was
obtained via a histogram using 50 bins.
As an alternative approach, quantum-mechanical calculations
of vibrational spectra of protein side-chain conformers were
performed using Gaussian09,62 following Wolf et al.69 From the
MD simulation, we first determined the snapshot where the
N(2)-atom of the azido group is closest to one of the two sulfur
atoms of the photoswitch sulfonate groups; we chose one
structure each for the trans and the cis configuration, and for
I20AHA and L78AHA. Using these structures, we constructed a
minimal vacuum model of the AHA label (−N3 group and Cβ
atom) and the sulfonate group (including the attached carbon
atom), where both carbon atoms were saturated with hydrogen
atoms. Keeping the positions of both carbon atoms as well as
the distance between N(2)-atom and sulfur atoms fixed, the
resulting system was initially minimized in energy at the HF/6-
31+G* level, followed by a density functional theory-based
minimization using B3LYP70,71 and the 6-31+G* basis set. At
the same theoretical level, harmonic frequencies and band
intensities were determined by diagonalization of the Hessian
matrix. Vibrational frequencies were corrected by the
asymmetry factors given in ref 72. Atomic charges were
calculated via Mulliken population analysis.73
III. RESULTS AND DISCUSSION
III.A. Folding Stability. We have determined the folding
stability of the various mutants by CD spectroscopy; the data
are shown in Figure S2 (Supporting Information), and the
results are summarized in Table 1. The CD measurements have
been performed under the same conditions as the 2D IR
experiments, i.e., buffered in D2O solution. Tentatively, the
AHA mutations destabilize the protein, if at all, only a little bit
relative to the photoswichtable PDZ2 domain without AHA, as
judged from the midpoint temperatures Tm. The cis-state is,
overall speaking, somewhat less stable than the trans-state (the
latter is opposite to what we have reported in ref 30, where the
CD has, however, been measured in H2O and without NaCl).
Furthermore, the folding transition is less cooperative in the cis-
state with a larger width of the folding transitions ΔT.
Nevertheless, all mutants considered here are folded to ≳98%
at 10 °C in both their cis- and their trans-states. We performed
the 2D IR experiments at that temperature to ensure that any
difference signal induced by photoswitching is not obscured by
partial unfolding.
III.B. Unfolding 2D IR Difference Spectra. As a reference
experiment, Figure 2 compares the 2D IR spectra of L78AHA
in the folded and the unfolded state of the protein. The
measurements were performed in the dark, i.e., with the
photoswitch in its trans configuration. We chose to induce
unfolding by a denaturant (6 M guanidinium chloride), rather
than by raising the temperature, as the latter causes a dramatic
Table 1. Unfolding Midpoint Temperatures Tm and Width of
the Folding Transitions ΔT of the Different Mutations of the
Photoswitchable PDZ2 Domain in Its Two States, As
Obtained from CD Spectroscopya
trans cis
mutant Tm/°C ΔT/°C Tm/°C ΔT/°C
no AHA 49.5 ± 1 3.7 ± 1 46.0 ± 2 6.3 ± 2
N16AHA 48.0 ± 1 5.4 ± 1 45.5 ± 2 8.0 ± 2
I20AHA 43.0 ± 1 5.2 ± 1 36.5 ± 4 7.9 ± 2
S48AHA 49.5 ± 1 3.9 ± 1 51.0 ± 1 3.8 ± 1
L66AHA 44.5 ± 1 4.2 ± 1 43.5 ± 1 5.9 ± 1
L78AHA 43.5 ± 1 4.4 ± 1 38.5 ± 2 7.4 ± 2
N80AHA 47.0 ± 1 4.5 ± 1 49.0 ± 3 6.0 ± 3
aTo that end, the data have been fit to a function 1/(1 + exp((T −
Tm)/ΔT)) after subtraction of the background and normalisation.
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change in the water response and furthermore tends to induce
aggregation of the protein and hence scattering in the 2D IR
signal. In each case, a 2D IR spectrum of the corresponding
buffer has been measured as well under identical conditions and
has been subtracted, as shown in refs 4, 20, and 22. In both
states of the protein, the 2D IR spectra show the usual 0−1
peak depicted in blue together with the 1−2 peak depicted in
red (i.e., with opposite sign), which is shifted along the probe-
frequency axis due to the anharmonicity of the AHA vibration.
By the tilt of the 2D IR lineshapes, a modest amount of
inhomogeneity is detected, which does not differ very much in
the two states of the protein.
The most prominent change upon unfolding is a blue shift of
the AHA label by ≈7 cm−1, which is a bit smaller than for
previous observations.17 That is, upon unfolding, the AHA label
becomes fully solvated and hence the number of hydrogen
bonds to water molecules increases, as well as their flexibility
allowing for hydrogen bonding at a more optimal angle. Cho
and co-workers have shown in ref 18 that both effects cause a
blue shift of the vibrational transitions. In turn, the frequency
shift also reveals that the AHA label of this particular mutant is
solvent-exposed to only a minor extent in the folded state of the
protein. Position L78AHA is situated inside the binding pocket
(Figure 1), where the access of the solvent is limited, possibly
shielded by the azobenzene photoswitch (see below).
III.C. Photoswitching 2D IR Difference Spectra. With
that information in mind, we turn to the 2D IR difference
spectroscopy induced by photoswitching the azobenzene
moiety from trans to cis with the help of a cw-laser diode.
Figure 3 shows the spectra of all mutants that have been
investigated. Surprisingly, only one of the considered mutants
(L78AHA) reveals an evaluable signal, while all others show no
clear signal apart from some modifications of the water
background and/or small remaining scattering (the latter
appears as spurious signals along the diagonal; see, e.g., the
2D IR difference spectra of L66AHA or N80AHA). These two
effects currently limit our sensitivity, not the signal-to-noise
ratio per se. It should, however, be stressed that we know
beyond any doubt that the AHA label is present also in those
mutants, for which no difference signal could be detected. For
example, we see its absorption band in the individual dark-
adapted (trans) 2D IR spectra, i.e., before taking the difference
with the corresponding cis 2D IR spectra (however, sitting on a
large water background; see Figure S3, Supporting Informa-
tion). Also mass spectrometry (Figure S1, Supporting
Information) confirms the existence of an azido group in all
mutants.
Nonetheless, the response of L78AHA, and the comparison
to the unfolding difference spectrum from Figure 2, is quite
revealing. The 2D IR difference spectrum induced by
photoswitching (Figure 3) is quite comparable to the 2D IR
spectrum of the folded state (Figure 2, left panel), where the
frequency position and 2D line shape is concerned, but the sign
(encoded by the colors) is inverted and the intensity is about a
factor 5 smaller. Furthermore, the photoswitch induced
difference spectrum is very different from the unfolding
induced difference spectrum (Figure 2, right panel), the latter
of which results from the frequency shift of the AHA transition.
That is, the effect of photoswitching on the AHA label is mostly
a reduction of the vibrational transition dipole in the cis-state
without affecting the vibrational frequency very much. This in
turn also evidences that the difference spectrum induced by
photoswitching is not the result of the slightly reduced stability
of the protein with the photoswitch in the cis state, which
according to CD spectroscopy (Supporting Information, Figure
S2) might cause ≈2% of unfolding.
To the best of our knowledge, this effect has not been
described so far. That is, although the frequency of the AHA
label is considered to be a measure of the amount of
solvation,16−22 the intensity stays essentially the same, which
is indeed what is observed when the protein unfolds (Figure 2).
It is conceivable that when the label enters a more
heterogeneous environment, the absorption becomes wider at
the expense of the peak intensity such that the integrated
intensity, and hence the transition dipole, stays the same. We
tentatively exclude that effect here, because it would cause
wings of opposite sign on both sides of the peak in the
difference spectrum that are not observed, even when
considering the present signal-to-noise level. We also carefully
checked the possibility that the loss of intensity reflects a loss of
AHA label due to a reduction of the azido group, for example.
To that end, we first measured mass spectra before and after
laser illumination (Figure S4, Supporting Information),
Figure 2. Purely absorptive 2D IR spectra of L78AHA in the folded
(left panel) and the unfolded state (middle panel), the latter induced
by adding 6 M guanidinium chloride. The right panel shows the
difference (unfolded minus folded) of both spectra. To that end, the
spectra of the folded and unfolded protein have been scaled to the
bleach signal, because they have been measured at slightly different
concentrations and have subsequently been subtracted to reveal the
difference spectrum. For the plotting, the difference spectrum has been
multiplied by a factor 2 so that all spectra share the same number of
contour lines. Blue colors depict negative signals (i.e., bleach and
stimulated emission in the purely absorptive 2D IR spectra) and red
colors positive signals (excited state absorption).
Figure 3. Purely absorptive 2D IR difference spectra (cis minus trans)
of all mutants considered in this study, induced by photoswitching the
azobenzene moiety from trans to cis with the help of a cw-laser diode.
All signals were normalized by concentration (which varied between
0.6 and 1.1 mM) and to the peak signal of L78AHA. Blue colors depict
negative signals and red colors positive signals.
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showing that no chemical modification is occurring, such as the
loss of a N2 molecule. Second, we measured FTIR difference
spectra switching forth and back, evidencing that the transition
is indeed reversible and that the AHA band regains its intensity
upon cis−trans back-switching (Figure S5, Supporting In-
formation).
III.D. Spectral Simulations. To get insights into the
molecular mechanism giving rise to this spectroscopic response,
we performed spectral simulations based on all-atom MD
simulations. Recent quantum-chemical calculations of Cho and
co-workers18 have shown that the spectroscopic signatures of
the azido stretch mode of AHA mainly reflect the local
electrostatic environment of the azido group. To result in an
observable IR difference spectrum of PDZ2, this electrostatic
field needs to differ in the trans and the cis states. Because the
main contributions to the local electrostatic environment arise
from contacts with nearby polar residues and water molecules,
we first employ MD simulations to study possible changes of
these contacts caused by the trans−cis isomerization.
Let us begin with the contacts between polar protein residues
and the azido groups. Figure 4 reveals that the number of such
intraprotein contacts and their changes upon trans−cis
photoisomerization appear quite complex. Roughly speaking,
we find three labels (N16AHA, L66AHA, N80AHA) with a
large number, two (S48AHA, L78AHA) with a medium
number, and one (I20AHA) with a small number of
intraprotein contacts. Notably, we see that labels N16AHA,
I20AHA, and N80AHA show significant contact changes
between trans and cis states, whereas the label L78AHA
shows only minor variations. Figure 5 displays the distribution
of water contacts during the MD simulation. Three AHA labels
(N16AHA, S48AHA, N80AHA) are found to be strongly
hydrated, two (I20AHA, L66AHA) are hardly hydrated, and
label L78AHA, for which a difference signal could be observed
experimentally, may be characterized as moderately hydrated.
Interestingly, only the strongly hydrated labels show significant
differences in the number of water contacts between trans and
cis states. In particular, we find that the decrease in the number
of water contacts of N16AHA and N80AHA upon trans−cis
photoisomerization is compensated by an increase of protein
contacts.
As the examination of the changes of contacts does not
provide a clear explanation of the experimental findings, we
Figure 4. Histograms of polar contacts between considered AHA labels and PDZ2 protein in cis (black) and trans (red) states. Green and blue labels
denote backbone and side-chain contacts, respectively, and magenta labels indicate contacts with the sulfonate groups of the photoswitch.
Figure 5. Distribution of the number of water contacts of the AHA
labels, with the protein being in trans (red) and cis (black) state.
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next study to what extent the contact changes discussed above
are reflected in spectral changes of the azido stretch mode of
the corresponding AHA label. To this end, Figure 6 displays the
distribution of vibrational frequency shifts δω(t) upon trans−cis
photoisomerization, as obtained from the electrostatic model in
eq 1. In the case of the strongly hydrated labels (N16AHA,
S48AHA, N80AHA), the calculations predict relatively broad
(∼±10 cm−1) and red-shifted (by ∼10 cm−1) frequency
distributions. The weakly to hardly hydrated labels (I20AHA,
L66AHA, L78AHA), however, exhibit a smaller distribution
width (∼±5 cm−1) and also smaller frequency shifts. This
different width of the frequency distributions of hydrated vs not
hydrated labels is in nice agreement with the experimental
results of Taskent-Sezgin et al.,17 who found line widths of ∼±5
and 10 cm−1 for AHA labels in the folded and unfolded (i.e.,
water exposed) state of a protein, respectively. However, we
note that the overall red shift predicted by the model is in
variance with the common expectation that solvation rather
causes a blue shift (see, e.g., Figure 2 as well as refs 1, 17, and
20−22). As discussed in ref 28 [Figure 6], this effect is caused
by our neglect of the polarizability of the azido group.
Upon trans−cis photoisomerization, the strongly hydrated
labels show no or only minor spectral changes. This is clearly
expected for S48AHA, where both protein and water contacts
remain more or less unchanged, but comes a bit as a surprise
for N16AHA and N80AHA, where both protein and water
contacts change significantly. We conclude that the highly
mobile water molecules around these labels may effectively
screen or counter the electrostatic interactions of the protein,
which hampers a clear spectroscopic response. The frequency
distribution of L78AHA hardly changes between trans and cis
states, which is in line with the absence of major protein or
water contact changes for this label. However, the spectral
simulations would predict a significant blue shift of I20AHA
and L66AHA when changing from trans to cis, resulting from
the changes of protein contacts, which, however, is not
observed experimentally.
To sum up the results up to this point, our MD simulations
combined with the electrostatic model by Cho and co-
workers28 would predict spectral changes for I20AHA and
L66AHA, whereas in experiment L78AHA is the only label with
an observable spectral response upon trans−cis photoisomeriza-
tion. Of course, one may question the accuracy of the structural
prediction of the employed MD force field (neglecting, e.g., the
polarizability of the azido group) or the assumptions underlying
the electrostatic model (neglecting, e.g., the dependence on
dispersive interactions or the fact that the model of Cho and
co-workers28 has been parametrized on the basis of QM
calculations with water clusters around an azido group only,
whereas intraprotein contact to polar residue play a significant
role here as well). Moreover, the electrostatic model would
describe frequency shifts only, which is not what is observed
experimentally. That is, the experimental 2D IR difference
spectrum upon trans−cis photoisomerization is dominated by a
change in the intensity of the vibration of L78AHA, and not its
frequency.
Being a 1,3-dipole, the azido group is strongly polarizable,
and it is, for example, well-known that azido groups in different
molecules have strongly varying transition dipoles.5 Hence, it is
conceivable that even weak electronic interactions with other
parts of the protein, involving, for example, a charge transfer
similar to the situation in a hydrogen bond or at the onset of a
nucleophilic attack, may strongly affect the electronic density of
the azido group and thereby change the transition dipole of its
vibration. The prime candidates for such an electronic
interaction are the two sulfonate groups of the photoswitch,
which have been introduced to increase the solubility of the
azobenzene moiety.49 When electrostatic calculations are
performed in the absence of these sulfonate groups (dashed
lines in Figure 6), the frequency distributions of I20AHA and
L78AHA reveal a significant red shift, emphasizing the
importance of the sulfonate groups. Moreover, the red shifts
are clearly different for trans- and cis-states. The strongly
hydrated labels N16AHA and N80AHA, however, show only
minor spectral changes when sulfonate groups are excluded in
the electrostatic calculations. Although these labels form
contacts with the sulfonate groups (Figure 4), the strong
electrostatic screening due to solvent water appears to prevent
clear spectral changes.
In our MD simulations, such contacts do not appear often
(cf. Figure 4), owing to the missing stabilizing electronic
interaction in the force field description. To investigate if such
direct contacts between azido and sulfonate groups can lead to
a charge transfer and the experimentally observed absorbance
changes, we extracted the structure with the closest distance
between I20AHA/L78AHA and a neighboring sulfonate group
from MD simulations of each cis and trans states. Showing the
energy-minimized structures of these states, parts a and b of
Figure 7 reveal that L78AHA indeed forms a close contact with
the sulfonate group, which mediates an electronic interaction.
Intriguingly, this contact only exists in the cis configuration of
the photoswitch, but not in the trans configuration. Likewise, an
energy-minimized structure of I20AHA (not shown) exhibits a
close contact associated with an electronic interaction in the
Figure 6. Vibrational frequency shifts (relative to the gas-phase
vibration) of the azido stretch mode of the AHA labels in the trans
(red) and cis (black) states. Results are obtained from the electrostatic
model (eq 1) with (full lines) and without (dashed lines) inclusion of
the sulfonate groups of the photoswitch.
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trans configuration, which does not exist in the cis
configuration.
Using these structures, we calculated harmonic frequencies
and band intensities of the azido stretch mode (Materials and
Methods). Spectra c and d in Figure 7 show the resulting
vibrational spectra of the azido stretch mode of I20AHA and
L78AHA in the cis and trans states of the photoswitch. In either
case, a close contact between the azido and the sulfonate
groups results in a decrease of the band intensity of the AHA
vibration due to a charge transfer to the azido group that
reduces the transition dipole. As can be seen in Table 2, the
charge on all nitrogen atoms changes by up to ±0.23 e,
indicating that the charges on the azido group are indeed very
mobile due to electronic effects. A polarizable force field is the
least that would be needed to describe that effect self-
consistently in a MD simulation. The effect on intensity is
stronger for L78AHA than for I20AHA, in qualitative
agreement with experiment. It should, however, be mentioned
that in addition to the intensity change, the quantum chemistry
calculations would also predict a frequency shift of ∼25 cm−1,
which is not observed in experiment. Possibly, the missing
protein environment and solvation in the quantum chemistry
calculations might be responsible for that effect. The results
nevertheless suggest that weak electronic interactions may
indeed change the intensity of the AHA vibration, enabling a
new application for that vibrational label.
IV. CONCLUSION
The AHA vibration is an attractive label to study protein
structure and dynamics with the help of IR and 2D IR
spectroscopy, because it can be incorporated almost anywhere
in a protein by a methionine auxotrophic protein expression
strategy,26,27 because its transition dipole is reasonably large for
2D IR measurements in the sub-millimolar regime,4,22 and
because it is a sensitive probe of its solvation environ-
ment.1,17−22,28 However, to demonstrate the last aspect, rather
dramatic changes have been applied to the label so far. For
example, a protein has been unfolded, which fully exposes an
AHA label that normally is situated in the hydrophobic core of
the protein to water,17 or a peptide ligand with an AHA label
has been dissociated from a protein,20,22 which has about the
same impact on the label as unfolding. Employing a combined
experimental−computational approach, we set out in the
present work to explore the capability of the AHA label to
also sense much smaller changes in the structure and solvation
of a midsized protein. That is, rather than unfolding of a
protein, we change the structure of a PDZ2 domain in a very
modest way (≲1 Å) with the help of a photoswitch that is
covalently linked to it, thereby mimicking the conformational
transition upon ligand binding.29,31,32
To that end, we first had to develop a protocol for the post-
translational synthesis of the cross-linked PDZ2 domain
containing AHA labels. That is, both the cysteins needed for
the linking of the azobenzene photoswitch as well as the azido
groups of AHA are chemically very reactive groups. For AHA,
this reactivity has been used successfully for click chemistry
reactions;74 however, any modification of this unnatural amino
acid had to be avoided in our case. Mainly, the reduction of
disulfide bridges had to be optimized, such that AHA would not
be reduced at the same time into a primary amine.
We have explored six mutations, distributing the AHA label
at various positions of the protein that differ significantly in
their properties (Figure 1), e.g., inside the hydrophobic core
versus surface exposed, or in the flexible loops versus in more
rigid secondary structure motives. We find that because of the
fact that the label is very small and of medium polarity, it can
replace both polar and apolar amino acids without affecting the
stability of the protein too much (Table 1). In that sense, it is
indeed a versatile label.
Somewhat surprisingly, however, we observe an evaluable
difference 2D IR signal upon photoswitching only for one
mutation, L78AHA (we nevertheless chose to show all results
in Figure 3, including the negative ones, because the purpose of
this survey has been to learn what can be sensed with the AHA
label, and what its limitations are). The very distinct difference
signal of only the one label L78AHA comes as a surprise,
because I20AHA and N80AHA are equally close to
perturbation introduced by the photoswitch. Naturally, one
would assume that the size of the effect correlates with the
distance to the perturbation; yet, with our current experimental
sensitivity we cannot detect any response for I20AHA and
N80AHA. It also comes as a surprise, because the MD
simulations would in fact predict significant changes of local
contacts to both water molecules and protein side chains, even
Figure 7. Quantum-chemical calculations for a minimal model of the
AHA label (−N3 group and Cβ atom) and the sulfonate group of the
photoswitch, indicating the van der Waals radii of the atoms by
colored spheres. Panels a and b show energy-minimized structures of
L78AHA in cis with contact and trans without contact, respectively, of
the azido and the sulfonate groups. I20AHA exhibited similar
structures, with a contact in trans and without contact in cis (not
shown). Using these structures, vibrational spectra of the azido stretch
mode were calculated for (c) I20AHA and (d) L78AHA. Black and red
lines correspond to the cis- and trans-state of the photoswitch,
respectively.
Table 2. Mulliken Charges73 (in Units of e) of the AHA
Azido Nitrogen Atoms in Different Quantum Chemical
Vacuum Modelsa
I20AHA L78AHA
cis trans cis trans
nitrogen no contact contact contact no contact
N(3) −0.45 −0.33 −0.52 −0.50
N(2) 1.02 1.21 1.08 0.89
N(1) −0.71 −0.94 −0.67 −0.54
aCont/no cont refers to the presence/absence of a contact with the
neighboring sulfonate group. N(3): nitrogen attached to AHA side
chain. N(2): internal nitrogen atom. N(1): terminal nitrogen atom.
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for labels that are quite far away from the photoswitch, such as
N16AHA or L66AHA (Figures 4 and 5).
The distinct response of L78AHA, in turn, suggests that it
results from a very specific interaction that should be robustly
reproduced by a MD simulation, even given the unavoidable
imperfectness of any MD force field that might describe some
structural details in not quite the correct way. We therefore first
employed classical MD simulations, calculating local contacts of
the various AHA labels with its surrounding (Figures 4 and 5)
as well as electric field induced frequency shifts along the line of
a model put forward by Cho and co-workers (Figure 6).28 The
simulation revealed that the strongly hydrated labels show no
or only minor spectral changes, even if both protein and water
contacts change significantly (as is the case for N16AHA and
N80AHA). This suggests that this is the result of a mutual
cancellation of the contributions from water and the protein.
That is, the highly mobile water molecules around these labels
effectively screen or counter the electrostatic interactions of the
protein.
However, the calculations revealed nothing with respect to
which L78AHA would stick out. In the contrary, they predict
frequency shifts for I20AHA and L66AHA that are of the same
order as in the unfolding experiment of Figure 2 or what has
been observed in ref 22 for ligand unbinding and thus should
be measurable with our current sensitivity. One possible
explanation for that discrepancy might be the fact that the
electrostatic model of Cho and co-workers28 neglects polar-
izability and has been parametrized on the basis of quantum
chemical calculations focusing on hydrogen bonding in water
clusters around a solvated azido group only, whereas L66AHA
and I20AHA are basically not solvated (Figure 5) and the
electric field in eq 1 originates mostly from intrapeptide contact
with polar side groups.
To explain the distinct response of L78AHA, which actually
reflects a change of intensity of the AHA vibration rather than
its frequency, we speculate here that it originates from an
electronic interaction between the AHA label and the sulfonate
groups of the azobenzene moiety. As a proof of principle,
preliminary gas-phase quantum chemistry calculations, using
structures derived from the classical MD simulation, give
evidence that this might indeed be the case (Figure 7). We
must concede that we did not do these calculations on a sample
of possible contact structures, that the agreement with
experiment is rather modest, and that a polarizable force field
or QM/MM simulations would be needed to verify that
mechanism. As the interaction of the azido group with the
sulfonate group is related to a weak chemical bond, the effect
might be amplified in a QM/MM simulation, thus increasing
the stability and occurrence of contact structures. The same
seems to happen also upon hydrogen bonding to water, as
evidenced by the observation of Cho and co-workers18,28 that
QM/MM simulations are necessary to correctly descibe the
water structure around the azido group, which is a prerequisite
for predicting a blue shift upon solvation.
Despite the preliminary character, the current results
nevertheless show that the intensity of the AHA vibration
carries information about its surrounding that is complemen-
tary to the frequency position. This effect has not been
described in the literature to the best of our knowledge and
needs to be taken into account in the analysis of difference
spectra from IR labels that can undergo electronic interactions
with neighboring amino acids, such as azido and cyano groups.
In a broader sense, it reminds one that in difference
spectroscopy, band disappearances do not necessarily need to
be an effect of a vanishing state population but can as well stem
from effects altering the transition dipole moment of the
reporting label. In conclusion, we have found a new and
unexpected mode of spectral response of an AHA label
incorporated into a protein. This response stems from an
electronic instead of an electrostatic interaction of the AHA
azido group with the protein/water surrounding, and opens up
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I. AHA MD PARAMETERS
AHA parameterization procedure
Force field parameters for the azobenzene photoswitch and the attached cysteine side chains as well as for AHA
labels were obtained with the Antechamber package.[1] For the determination of atomic charges, the structures of the
switch with attached cysteine side chains in cis and trans conformations as well as the AHA labels were optimized on
B3LYP/6-31G* level using the GAUSSIAN g09 program suite.[2] Atomic charges of the different conformers were then
computed as Mulliken charges from HF/6-31G* single point calculations. Point charges for MD calculations were then
obtained from multiconformational restrained electrostatic potential (RESP)[3] calculations. The Cβ partial charges




N N -0.41570 1
H H 0.27190 2
CA CT 0.07730 3
HA H1 0.07950 4
CB CT -0.11720 5
HB1 H1 0.05338 6
HB2 H1 0.05338 7
CG CT 0.15260 8
HG1 H1 0.06012 9
HG2 H1 0.06012 10
N1 Nah -0.44965 11
N2 Nbh 0.20880 12
N3 Nch -0.06395 13
C C 0.59730 14
O O -0.56790 15




















-C CA N H
CA +N C O
[ atomtypes ]
Nah 7 14.01 0.0000 A 3.25000e-01 7.11280e-01
Nbh 7 14.01 0.0000 A 3.25000e-01 7.11280e-01
Nch 7 14.01 0.0000 A 3 .25000e-01 7.11280e-01
[ bondtypes ]
Nah CT 1 0.14770 262590.0 ; AHA side chain GAFF
Nah Nbh 1 0.12160 717470.0 ; AHA side chain GAFF
Nbh Nch 1 0.11240 992300.0 ; AHA side chain GAFF
[ angletypes ]
CT CT Nah 1 109.500 555.640 ; CB-CG1-N1 AHA GAFF
CT Nah Nbh 1 116.200 574.380 ;CG1-N1-N2 AHA GAFF
Nah CT H1 1 109.600 412.210 ; N1-CG1-HG12 AHA GAFF
Nah Nbh Nch 1 180.000 566.100 ; N1-N2-N3 AHA GAFF
[ dihedraltypes ]
CT CT CT Nah 3 0.65084 1.95253 0.00000 -2.60338 0.00000 0.00000
CT CT Nah Nbh 3 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
CT Nah Nbh Nch 3 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Nah CT CT H1 3 0.65084 1.95253 0.00000 -2.60338 0.00000 0.00000
Nbh Nah CT H1 3 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
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FIG. S1: ESI-mass spectra of all mutants considered in this paper, evidencing the the excellent purity of the labelled and
cross-linked protein.
























































































































FIG. S2: Temperature-induced unfolding measured by CD in the two states of the photo-switch of the PDZ2 domain without
AHA label (top), and all the mutants considered in this paper. The trans data have been measured for the dark-adapted
protein, the cis data after illumination for 2 min at 370 nm from a cw diode laser (CrystaLaser CL-2000). The data have
been fit to a function 1/(1 + exp((T − Tm)/∆T )) after subtraction of the background and normalisation. The fit results are
summarized in Table 1.




























FIG. S3: Purely absorptive 2D IR spectra of the dark-adapted trans-state of all mutants considered in this study. The AHA
signal can be recognized, but is sitting on a huge water background (which has not been measured independently and subtracted
out, since that would require much larger sample amounts). The water background is positive (red, excited state absorption),
while the AHA diagonal band is seen as negative dip. The relative contribution of the AHA varies, since the concentration
varied between 0.6 mM and 1.1 mM, given by the solubility of the particular mutant.
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FIG. S4: ESI-mass spectra of L78AHA (from a different batch than in Fig. S1) before illumination (top), and after 3 min
(middle) or 20 min (bottom) of illumination at 370 nm from a cw diode laser (CrystaLaser CL-2000). The first case coincides
with the conditions used to measure the 2D IR difference spectra of Fig. 3, while the second case applied significantly more
light. Even in the second case, still basically no changes in the chemical composition of the sample are detectable, in particular
no reduction of the azido-group that would lower the mass by 26 Da due to the loss of a N2 molecule. The corresponding peak
is labelled in the top panel, is very small, and does not increase upon illumination.





FIG. S5: (a) Absolute FTIR spectrum of L78AHA with the buffer background subtracted; the inset focusing into the small
AHA band. (b) Difference FTIR spectra of L78AHA. The black line shows the result when taking a background for the dark-
adapted protein in trans, and then switching to cis by illumination at 370 nm. The dip at ≈2100 cm−1 indicates the loss of
intensity of the AHA band. The red line shows the result when taking the cis configuration as background and then (partially)
switching back to trans by illumination at 420 nm. The AHA band regains its intensity. Back-switching from cis to trans is not
complete, since both the cis and the trans configuration absorb at 420 nm, thus establishing a photo-equilibrium (in contrast
to trans-cis switching at 370 nm that can be performed to almost 100%). The results nevertheless show that back-switching is
reversible.
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Invasive, Versatile, and Sensitive
Infrared Label in Proteins to
Study Ligand Binding
After mimicking the PDZ2 domain allosteric transition by photoswitching [145], ob-
serving the 2D-IR responses of six azidohomoalanine (Aha) mutants where the Aha
label was placed each time in a different position within the protein structure [101],
a direct observation of ligand recognition was attempted. The method was pushed
to the limits; a specific Aha mutant was expressed (K38Aha), where Aha was placed
at the margin of the PDZ2 binding pocket to perturb as little as possible the binding
event, but in a position close enough to observe it [181] and involved in the recogni-
tion mechanism via salt bridge formation [182]. These peculiarities cause small but
evident vibrational frequency shifts of the Aha label upon peptide binding of circa
1-3 cm−1 [35]. The photoswitch was used in this case (a water-insoluble version
without the sulfonate groups (—SO3
– ) [143], see the chemical structure on the top
in Fig. 1.6) to produce a peptide variant of the wild type version, which binds and
affects the Aha local environment in a different manner. These small differences
were detected by 2D-IR spectroscopy and molecular dynamics (MD) simulations
gave a qualitative explanation for them.
∗ I contributed to this paper with the acquisition of the purely absorptive buffer-
subtracted 2D-IR spectra in Fig. 2, with the plots in Fig. S2, and with the
paper writing which has been revised by Prof. Dr. Peter Hamm.
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ABSTRACT: The noncanonical amino acid azidohomoalanine
(Aha) is known to be an environment-sensitive infrared probe for
the site-specific investigation of protein structure and dynamics.
Here, the capability of that label is explored to detect protein−
ligand interactions by incorporating it in the vicinity of the binding
groove of a PDZ2 domain. Circular dichroism and isothermal
titration calorimetry measurements reveal that the perturbation of
the protein system by mutation is negligible, with minimal
influence on protein stability and binding affinity. Two-dimen-
sional infrared spectra exhibit small (1−3 cm−1) but clearly
measurable red shifts of the Aha vibrational frequency upon
binding of two different peptide ligands, while accompanying
molecular dynamics simulations suggest that these red shifts are
induced by polar contacts with side chains of the peptide ligands.
Hence, Aha is a versatile and minimally invasive vibrational label that is not only able to report on large structural changes
during, e.g., protein folding, but also on very subtle changes of the electrostatic environment upon ligand binding.
I. INTRODUCTION
Proteins are key mediators in virtually every biological process
exhibiting their functions through specific interactions with
other proteins, peptides, nucleic acids, small molecules, or
ions.1−3 Vital information in the cell is transmitted through
specific non-covalent interactions in e.g., signal transduction
cascades, regulation of metabolic processes, activation or
inhibition of enzymatic reactions, assembly of macromolecular
complexes, and programmed cell death.4,5 Disruption of
specific interactions is a major cause of numerous diseases.
Therefore, understanding structural details of protein−ligand
interactions is a prerequisite for clarifying cellular processes at
a molecular level.6 Furthermore, knowledge of the mechanisms
of protein−ligand recognition facilitates rational drug design
for treatments of different diseases.7−9 Because of its
importance, a plethora of methods for protein−ligand binding
analysis have been developed.10−12 Specificity is one of the
crucial features of protein−ligand interactions, and therefore,
methods that can directly discriminate between specific and
non-specific binding are advantageous.13,14
It has recently been demonstrated that the presence of an
infrared label at the site of recognition between a protein and
its binding partner can give site-specific insight into the
underlying mechanisms of how signaling proteins func-
tion.15−19 Such studies require a special vibrational label that
absorbs in the spectral window between ≈1700 and ≈2800
cm−1 to discriminate it from a huge protein background.20−25
Among the possible molecular groups that have been proposed
in this regard,16,17,19,26−44 we favor the noncanonical amino
acid azidohomoalanine (Aha). Aha has a relatively high
extinction coefficient (≈300−400 M−1 cm−1),15 and it has
been shown to be an environment-sensitive infrared probe,
capable of sensing the polarity of its environment via the
frequency of its vibrational transition.15,18,28,45−47 Additionally,
this noncanonical amino acid can be incorporated into a
protein in virtually any position via a methionine-auxotrophic
expression strategy.48−50 All these characteristics make Aha
one of the most promising IR labels.
For the most part, Aha has only been used to detect quite
significant structural changes in the protein structure. For
example, unfolding of an Aha mutant has been investigated,
where the effect has been the largest when the label is
incorporated into the core of the protein, with a frequency blue
shift of 19 cm−1 upon thermal denaturation.45 In this case, not
only the structure of the protein changes dramatically upon
unfolding, but the environment of the Aha label also changes
from hydrophobic in the core of a protein to fully solvent
exposed. With regard to ligand binding, on the other hand, the
Aha label has been incorporated into peptide fragments
derived from the Ras-associated guanine nucleotide exchange
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factor 2 (Ra-GEF2),15,18 whose C-terminal domain interacts
with the PDZ2 domain of human phosphatase 1E.51 PDZ-
domain containing proteins mediate a wide variety of signaling
processes in diverse organisms, and thus represent excellent
model systems for peptide binding studies.52 Upon binding to
a PDZ2 domain, the peptide ligand undergoes a structural
change that is comparable to protein folding, that is, the
peptide is a solvent-exposed random coil in its unbound state,
but structurally well defined in its bound state. Furthermore,
depending on the position of the Aha label, it points into the
rather hydrophobic binding pocket, and consequently, a
frequency shift of similar size (15 cm−1) has been observed.18
With the present paper, we set out to explore how far we can
push the method. That is, rather than having the Aha label in
the peptide ligand,15,18 we incorporate it in the protein
sequence near the binding pocket at position K38. This site
was chosen since previous molecular dynamics (MD)
simulations have suggested frequent salt-bridges of the peptide
ligand with K38 during the process of binding.53 Hence, we
expect at most a marginal structural change of the protein upon
ligand binding,54 but the ligand will still modulate the degree
of solvation of the Aha label. We apply two-dimensional
infrared (2D IR) spectroscopy55 in a dedicated 2D IR
spectrometer23 to be sensitive enough to measure very small
frequency shifts of the Aha vibration. For the purpose of this
work, the advantage of 2D IR spectroscopy is its quadratic
signal dependence on the absorption cross section, which to a
significant extent suppresses the strong water background. We
furthermore present molecular dynamics (MD) simulations
aimed to provide microscopic information on the structural
changes around the binding pocket, and the mechanisms of
solvation of the Aha label.
We considered the three molecular systems shown in Figure
1 in this study. As a reference sample, we measured and MD
simulated the K38Aha mutant of apo-PDZ2 (denoted as
K38Aha throughout this paper, see Figure 1a). We then bound
either the wild-type peptide (RWAKSEAKENEQVSAV) to its
binding groove (denoted K38Aha + wtPep, see Figure 1b), or
a mutant of that peptide (RWAKSEAKEC EQVSC V) with an
apolar azobenzene moiety attached to the peptide via the two
cysteines (denoted as K38Aha + azoPep, see Figure 1c). The
azobenzene-variant has originally been developed to photo-
switch the binding affinity of the peptide ligand, which will be
the topic of another publication. Here, we make use of the
hydrophobicity of the azobenzene moiety, which might affect
the degree of solvation of the Aha label (note that in contrast
to our previous studies,50,56,57 the azobenzene moiety does not
contain any −SO3
− groups). All experiments have been
performed in the dark to ensure that the azobenzene moiety
is in its trans configuration.
II. METHODS
II.I. Protein and Peptide Preparation. Expression of the
K38Aha mutant of PDZ2 domain was performed as described
earlier.49,50 The two peptide variants, wild-type peptide
(RWAKSEAKENEQVSAV) and its cysteine mutant (RWAK-
SEAKECEQVSCV), were synthesized using solid phase
peptide synthesis with standard 9-fluorenylmethoxycarbonyl
(Fmoc) chemistry on a Liberty 1 peptide synthesizer (CEM
Corporation, Matthews, NC). The crude products were
purified using reverse phase high-performance liquid chroma-
tography (HPLC) with a C18 column (Macherey Nagel,
Duren, Germany), 0.1% trifluoroacetic acid buffered acetoni-
trile gradient 0−50% in 10 column volumes.
The second peptide variant was linked to the azobenzene
moiety (di-iodoacetamide azobenzene) as reported previ-
ously58 with the following modifications: 50 μmol of peptide
was dissolved in 75 mL of 20 mM Tris buffer, pH 8.5, which
was previously extensively degassed. To promote the linking
reaction by reducing disulfide bridges between cysteines, 1
equiv of tris(2-carboxyethyl)phosphine was added to peptide
solution and allowed to incubate for 1 h after which 100 μmol
of azobenzene linker dissolved in 250 mL of tetrahydrofuran
was added. The solution was stirred and left in the dark at
room temperature overnight. The linked peptide was
concentrated at 30 °C to precipitate the excess of apolar
azobenzene linker. The suspension was filtered and the linked
azo-peptide was repurified using reverse phase HPLC with a
C18 column.
All products, proteins and both peptides, were dialyzed
against 50 mM borate, 150 mM NaCl buffer, pH 8.5,
lyophilized, and finally resuspended in H2O for the circular
dichroism (CD) and isothermal titration calorimetry (ITC)
measurements and D2O for the 2D IR measurements. Purity of
all samples was confirmed by mass spectrometry analysis.
II.II. Two-Dimensional IR Spectroscopy. Two-dimen-
sional IR spectra in the boxcar geometry were measured using
mid-IR pulses generated by a home-built optical parametric
amplifier59 providing ≈150 fs full width at half maximum
(FWHM), ≈2 μJ pulses at ≈5 μm with a repetition rate of 5
kHz, as previously described.18 A syringe pump sample
delivery system was used to flow either the sample or buffer
through a cell comprised of two CaF2 windows (2 mm
thickness, 25 mm diameter) with a 25 μm Teflon spacer. Two-
dimensional IR spectra of the buffer and of the sample
solutions were measured independently, exchanging approx-
imately 250−300 μL of sample per measurement with the help
of the syringe pumps. Buffer and sample spectra were phased
individually, using the water background for a reference phase
as described previously,60 and then subtracted to reveal the
isolated Aha signal.
II.III. Computational Methods. The starting structure of
PDZ2 was taken from PDB entry 3LNX.61 To generate initial
structures for the MD simulations of K38Aha + wtPep, we
extracted the peptide structure and position from the X-ray
structure 3LNY,61 which contains only a six residue long
peptide ligand, and attached three additional residues from the
Figure 1. Molecular systems considered in this study. (a) The
K38Aha mutant of apo-PDZ2 with the Aha label indicated in balls and
sticks, (b) with the wild-type peptide bound to its binding groove
(K38Aha + wtPep), and (c) with azobenzene-variant of the peptide
bound to the binding groove (K38Aha + azoPep); azobenzene
photoswitch displayed as orange sticks. The shown structures are
snapshots taken from the MD simulation.
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NMR structure of 1D5G54 at the N-terminus. The peptide
considered in the MD simulation (KENEQVSAV), thus, is
shorter than in experiment. K38 was mutated to Aha in all
systems.
MD equilibrium simulations with a production run length of
100 ns were performed using the GROMACS software
package v2016.362 with a hybrid GPU-CPU acceleration
scheme and the AMBER99SB-*ILDN forcefields as described
in ref 50. Azo-switch parameters were obtained using
Antechamber63 with BCC charges64,65 and are described in
the Supporting Information. We used a dodecahedral box with
an image (i.e., face-to-face) distance of 7 nm. The box
contained 7495 (K38Aha), 7997 (K38Aha + wtPep), and 10
168 (K38Aha + azoPep) water molecules, respectively. Further
simulation details can be found in ref 50.
To determine −N3 contacts with the protein and the ligand,
g_mindist from the Gromacs tools was employed. Contact
distributions were then obtained by histogramming the MD
data with 0.01 nm binning width. We define a contact to be
formed if the minimal distance between azido group nitrogen
atoms and protein/ligand residues is shorter than 0.45 nm.66,67
In a similar way, we analyzed contacts between Aha and water
as azido group/water oxygen atom distances with a cutoff of
0.45 nm.
We used the empirical model of Cho and co-workers47 to
estimate vibrational frequency shifts δω caused by changes in
the electrostatic environment of the Aha labels. By calculating
the electric field Ej(t) at the nitrogen atoms (j = 1, 2, 3) of the
azido group for each MD snapshot at time t, we obtain the
spectral shift (relative to the vacuum value)




with coefficients aj given in ref 47. Electric fields were
computed via a reaction field approach using a cutoff radius rc
= 2.3 nm as described in ref 50. From the frequency trajectory
δω(t) with a time step of 15 ps, the distribution of the
vibrational shifts was obtained via a histogram using 50 bins
between −25 and 25 cm−1.
III. RESULTS
III.I. Experimental Results. To set the stage, we start with
verifying that the Aha label only minimally disturbs the protein
system. To that end, temperature dependent CD signals were
recorded at 205 nm, revealing melting temperatures of 44 ± 1
and 46 ± 1 °C for wild-type PDZ2 and K38Aha (Figure S1,
Supporting Information), respectively. Hence, the mutation to
Aha, in fact slightly stabilizes the protein. Moreover, the
dissociation constants of the wild-type peptide to wild-type
protein and K38Aha are virtually the same (KD = 11 μM, see
Figure S2a,b, Supporting Information). This is the evidence of
the fact that the energy of binding has not been affected by
substituting Aha in the vicinity of the binding groove of the
protein. We also measured the binding affinity of the azo-
peptide to K38Aha, revealing a somewhat smaller value (KD =
3 μM, see Figure S2c, Supporting Information) compared to
the wild-type peptide, indicating that the azo-moiety points
away from the binding groove when bound to the protein, but
capable of interacting with the protein in a stabilizing manner.
Figure 2, top panels, show 2D IR spectra of the Aha
vibrational label of all three sample systems (we concentrate
here on the ground-state (0−1) peak of the 2D IR response on
the diagonal, while the excited state (1−2) peak is outside the
frequency window shown in Figure 2). The concentrations
used in these experiments were 0.9 mM for the protein, and
2.5 and 1.5 mM for wild-type and the azo-peptide, respectively.
Given the binding affinities of both peptides in the low
micromolar range (see the Supporting Information, Figure S2),
practically 100% of the protein, which carries the Aha label, has
a ligand bound at these concentrations. Figure 2, bottom
panels show diagonal cuts through the 2D IR spectra
(averaging over the diagonal and the two first off-diagonals).
To determine the peak frequency of the label, we fit these
diagonal cuts to a lineshape function. We found that the
Figure 2. Ligand binding observed with 2D IR spectroscopy. (a) Two-dimensional IR response of K38Aha, (b) K38Aha + wtPep, and (c) K38Aha
+ azoPep. The bottom panels plot the diagonal signal together with fits used to deduce the peak position (see text for details). In panel (a) the
dotted line marks the reference peak position of the Aha label without any ligand. In panels (b) + (c), the peak positions of the Aha label with the
two different ligands are marked in addition to it as solid lines.
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quality of the fit is better when using a Lorentzian rather than a
Gaussian lineshape, and we added a tilted linear baseline to the
fit, which accounts for a residual water background. We
considered the center of the fitted Lorentzian to be the peak
position of the corresponding peak band. This procedure
revealed a peak position of 2113.7 cm−1 for K38Aha (marked
as dotted vertical lines in Figure 2a−c), and red shifted peaks
at 2112.5 cm−1 for K38Aha + wtPep and 2111.0 cm−1 for
K38Aha + azoPep (solid vertical lines in Figure 2b,c). In
K38Aha, the linewidth is 20.5 cm−1 FWHM together with a
rather round 2D IR lineshape (justifying the Lorentzian fit).
Upon binding of a ligand, the linewidth increases a little bit
(23.6 cm−1 for K38Aha + wtPep and 22.6 cm−1 for K38Aha +
azoPep) and the 2D IR lineshape becomes more elongated
along the diagonal, indicating a more inhomogeneously
broadened absorption band.
By repeating these experiments various times (i.e., between 2
and 4 times for different samples), taking into account the
uncertainty in the phasing,60 and by fitting the results to
different models (e.g., fitting only one-dimensional diagonal
cuts as in Figure 2 vs fitting the complete 2D lineshape or
using different lineshape functions), we estimated that the
statistical and systematic error in the determination of the peak
position of the Aha band is in the order of 0.5 cm−1. One
example of a completely different data set of K38Aha and
K38Aha + wtPep is shown in Figure S3, which has been
measured with different concentrations on different days by
different people. Applying the same fit function, the deduced
peak frequencies are the same within 0.1 cm−1 as shown in
Figure 2, evidencing the reproducibility of the measurement.
To conclude this part, for both K38Aha + wtPep and K38Aha
+ azoPep, we are confident that the effect is real with frequency
red shifts of 1.2 ± 0.5 and 2.7 ± 0.5 cm−1, respectively.
III.II. Computational Results. Recent quantum-chemical
calculations of Cho and co-workers46,47 have shown that the
spectroscopic signatures of the azido stretch mode of Aha
mainly reflect the local electrostatic environment of the −N3
reporter group. The structures shown in Figure 1 suggest that
the azido group is indeed found in different environments in
each investigated case. That is, Aha is fully exposed to the
solvent in K38Aha, and rarely interacts with protein atoms,
while in the cases of K38Aha + wtPep and K38Aha + azoPep it
is less exposed to the solvent, but interacts mostly with ligand
residues. These differences are expected to be detectable in the
vibrational spectra.
Indeed, using eq 1 for calculating spectral shifts displayed in
Figure 3a, we found that the reporter group in K38Aha +
wtPep and K38Aha + azoPep induces a red shift of 1−2 cm−1
with respect to K38Aha. To learn about the contribution of
protein and solvent to the total vibrational frequency, we
calculated the shifts due to protein/ligand atoms and solvent
atoms independently. Considering only protein/ligand atoms,
K38Aha + wtPep and K38Aha + azoPep show red shifts of 8−
10 and 1−3 cm−1 compared to K38Aha (Figure 3b).
Regarding solvent molecules only, K38Aha + wtPep and
K38Aha + azoPep are blue shifted by 2−5 cm−1 (Figure 3c).
To relate the vibrational shifts to changes in contact
patterns, Figure 4 compares the probability distribution of the
number of azido contacts with protein/ligand and water
molecules. Concerning protein/ligand contacts, K38Aha +
wtPep and K38Aha + azoPep simulations exhibit 12−18
protein/ligand contacts compared to K38Aha with nine
contacts. Regarding water contacts, the azido group of
K38Aha + wtPep and K38Aha + azoPep exhibits 7−8 water
contacts, while K38Aha on average forms 10−12 contacts with
water molecules. Hence, water contacts are replaced by ligand
contacts upon binding of the peptide ligand.
To further explore the cause of red shifts of K38Aha +
wtPep and K38Aha + azoPep, we calculated minimum
distances between the azido group and all residues of the
respective systems. We found that significant contacts only
appear with ligand residues (Figure S4), as suggested in ref 53.
From the minimum distance analysis, three major contacts of
Aha38 with ligand residues Glu(−5), Gln(−4), and Val(−3)
were identified as potential candidates to induce red shifts.
However, the distance patterns of Gln(−4) and Val(−3) do
not significantly change between both protein/ligand systems,
while Glu(−5) is special, as it is the only one of the three
residues with significant changes in distances. That is, the
middle nitrogen atom of the azido group of K38Aha + wtPep
forms a consistent polar contact with the negatively charged
side chain carboxyl oxygen of Glu(−5) (Figure 5a), while this
contact is less stable in K38Aha + azoPep. To test if the
contact with Glu(−5) is the main origin of red shifts observed
in experiments and simulations, we excluded this specific
Figure 3. Vibrational frequency shifts (relative to the vacuum value) of all simulated systems by considering (a) all atoms, (b) only protein/ligand
atoms and (c) only solvent atoms. The black curve shows the result for K38Aha, and the red and green curves that of K38Aha + wtPep and K38Aha
+ azoPep, respectively.
Figure 4. Probability distribution of average number of contacts of
the azido group with (a) protein/ligand and (b) solvent molecules.
The black curve shows the result for K38Aha, and the red and green
curves that of K38Aha + wtPep and K38Aha + azoPep, respectively.
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residue and compared the resulting spectrum with spectra
including Glu(−5) (Figure 5b,c). Exclusion of Glu(−5)
induces a blue shift of ∼4−6 cm−1, with a difference of ∼2−
3 cm−1 between K38Aha + wtPep and K38Aha + azoPep. Very
likely, it is these very specific, but fluctuating contacts that give
rise to the larger inhomogeneity observed experimentally upon
ligand binding in the form of 2D IR lineshapes that are more
elongated along the diagonal (Figure 2b,c).
We also looked into the possible contribution of the ions in
the solution to the frequency shift. Figure S5 shows that the
average distance between the azido group to the nearest ion is
between 1.0 and 1.5 nm, and contacts (i.e., distances of less
than 4.5 Å) almost never occur. We therefore conclude that
the effect of the ions on vibrational frequency of the azido
group is negligible due to the shielding by water.
IV. DISCUSSION AND CONCLUSIONS
We have demonstrated that it is possible to reliably measure
frequency shifts of the Aha label as small as ≈1 cm−1 with the
help of 2D IR spectroscopy, sufficient to detect rather subtle
structural changes of a protein system. Furthermore, MD
simulation together with pre-parameterized spectroscopic
maps47 can qualitatively reproduce the size of the spectro-
scopic effect. However, while the experiments reveal a bigger
effect for K38Aha + azoPep than for K38Aha + wtPep,
consistent with the notion that the hydrophobic azobenzene
moiety might shield the Aha label more efficiently from the
solvent, that effect is not reproduced by the MD simulations.
On the contrary, the MD simulations suggest that interactions
with very specific side chains (in this case Glu(−5)) might
have a dominating effect, the exact calculation of which would
require more sophisticated quantum mechanics/molecular
mechanics simulations.47
It is the common notion that the frequency shift of the azido
group is a measure of the amount of solvation; the stronger an
azido group is solvated, the more blue is its absorption
band.15,18,28,38,45−47 Our experimental observation supports
this view, with the ligands shielding the Aha label to a certain
extent from water (Figure 2). The MD results of Figure 4b
indeed show that the number of solvent contacts is reduced
once a ligand is bound to the protein. Yet, Figures 3, 4a, and 5
suggest that this common notion needs to be re-interpreted
somewhat. That is, a smaller number of water contacts is
inevitably compensated by a larger number of protein contacts
(Figure 4a vs 4b), which can be polar as well; in this case, in
particular, due to Glu(−5) from the ligand (Figure 5). These
protein contacts also reveal frequency shifts due to electrostatic
interactions according to eq 1. In fact, since the protein is more
structured than the solvent, these protein contacts are more
stable on average and may overcompensate the contribution of
water in terms of the frequency shift (Figure 3). In other
words, Figure 3 reveals that all polar interactions tend to
produce a frequency red shift, in contrast to the common
notion, and that reduced solvation by water is over-
compensated by even stronger “solvation” from the protein.
It should, however, be noted that this interpretation is at odds
with the conclusions of ref 38, which measured the frequency
of isolated azido-groups also in very apolar solvents such as
hexane, which might be assumed to be close to the situation in
vacuum, but where the frequency is red shifted relative to that
in water. However, in the present case, assuming the protein to
be a hydrophobic bulk turns out not to be a viable
approximation. Instead, especially due to the presence of
Glu(−5), the protein resembles best a highly anisotropic polar
“solvent” for the Aha azido group with stable charge
distribution, resulting in the observed additional red shifts.
It is interesting to compare the present results to those of
previous work, where we used Aha labels at various positions
to detect structural changes in a PDZ2 domain that has been
made photo-switchable by covalently linking a similar azo-
moiety across its binding groove.50 Only L78Aha, which was
present very close to the photoswitch in the binding groove,
showed an effect; in this case, a change in the absorption
intensity rather than frequency. Also, for this example we
concluded that the effect is related to very specific interactions
of the Aha label with the azo-photoswitch.
Previous work15,18 has shown that Aha can be used as a
reporter to determine biomolecular recognition when incorpo-
rated into the peptide ligand directly. In this study, Aha has
instead been incorporated into the protein in the vicinity of the
binding groove. In contrast to the ligand-incorporated reporter,
we have shown by CD and ITC experiments that the presence
of the Aha label neither perturbs the stability of the PDZ2
domain, nor its binding affinity for the peptide ligand, in
agreement with recent NMR and X-ray experiments that came
to the same conclusion for a similar molecular system.68 The
2D IR spectra of Figure 2 showed that Aha is indeed a sensitive
probe of ligand binding, exhibiting a few wavenumbers red
shift upon binding of two different peptides. MD simulations
can reproduce the effect essentially quantitatively, providing an
atomistic picture of the interactions of the Aha label at the
protein surface. It is important to stress that the center
frequency of an isolated vibrational transitions, such as that of
the Aha label, can be measured with an accuracy much better
than its linewidth or than the spectral resolution of the 2D IR
instrument. This is the equivalent of the very idea of sub-
diffraction microscopy, where the position of individual
switchable fluorescing chromophores can be measured with a
precision much better than the resolution of the microscope,
provided that their point spread functions do not spatially
overlap.69 In conclusion, the present study demonstrates that
Figure 5. (a) Polar contact between the positively charged N(2) of the
azido group and the negatively charged side chain carboxyl oxygen of
Glu(−5). (b, c) Vibrational frequency shifts of K38Aha + wtPep and
K38Aha + azoPep by including (b) and excluding (c) Glu(−5). The
red curve shows the result for K38Aha + wtPep and the green that for
K38Aha + azoPep.
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Aha can be employed as a specific IR reporter not only for big
changes of its chemical environment (e.g., protein folding/
unfolding events), but also for very subtle changes of the
electrostatic environment at the protein surface.
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FIG. S1. CD signal wildtype PDZ2 (blue) and the K38Aha mutant (red) recorded at 205 nm. The solid lines show two-state
fits to the data, revealing melting temperatures of 44 ◦C and 46 ◦C, respectively.
I. CIRCULAR DICHROISM SPECTROSCOPY
Circular dichroism spectra were collected using a Jasco J-810 spectropolarimeter in 1 mm quartz cuvette (Hellma
Analytics, Quartz SUPRASIL) using 350 µL of protein solution. 20 µM protein solutions of both wild type and
K38Aha PDZ2 domain were prepared in 50 mM borate, 150 mM NaCl, pH 8.5 buffer. The same buffer was used as
a background. Temperature-dependent CD spectra were recorded at 205 nm and fitted in order to reveal a melting
temperature of 46 ± 1◦C (Fig. S1, red), somewhat larger than the corresponding value from the wild-type protein
44± 1◦C (Fig. S1, blue).
FIG. S2. ITC measurements of the binding affinity of the wild type peptide to (a) the wildtype PDZ2 domain and (b) its
K38Aha mutant. Panel (c) shows the result for the binding affinity of the azo-peptide to the K38Aha mutant of PDZ2. In
either case, the concentration of protein has been 140 µM. The data have been fitted as explained in the text, revealing binding
constants of KD=11µM for (a) and (b), and KD=3µM for (c).
II. ISOTHERMAL TITRATION CALORIMETRY
Isothermal titration calorimetry was performed using MicroCalTM iTC200 system (Malvern Instruments Ltd,
Malvern, UK) at 21 ◦C (Fig. S2). Immediately before the experiment was performed, protein and peptide solu-
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tions were extensively re-dialyzed against 50 mM borate, 150 mM NaCl, pH 8.5 buffer. The sample cell of the
calorimeter was loaded with 250 µL of 0.14 mM protein solution in 50 mM borate, 150 mM NaCl, pH 8.5 buffer.
Circa 40 µL of 1.4 mM peptide solution in the same buffer was added in small increments (1.5 µL) with 120 seconds
spacing between injections until the whole sigmoidal thermogram curve was obtained (26 injections). Stirring speed
was set to 1000 rpm. Heats of dilution were determined by titrating the same peptide solution into the dialysis buffer
and subtracted from the raw titration data before data analysis. The data were processed using the Origin ITC
software provided by the instrument manufacturer. Fitting was performed using one set of sites binding model and
KD value was obtained directly from the fitted binding curve.
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FIG. S3. (a) 2D IR response of K38Aha and (b) K38Aha+wtPep. In this case, the protein concentration has been 0.5 mM
and the peptide concentration 2.5 mM. In panel (a) the dotted line marks the reference peak position of of K38Aha and in
panel (b) the peak positions of K38Aha+wtPep is marked in addition as solid lines. These data are, in principle, the same as
in Fig. 2ab, but has been measured at a different day by different people. The deduced peak frequencies (2113.6 cm−1 and
2112.5 cm−1, respectively) are the same within 0.1 cm−1 as in Fig. 2ab, evidencing the reproducibility of these measurements.
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FIG. S4. Probability distributions of minimum distances between ligand residues (a) Glu(-5), (b) Gln(-4) and (c) Val(-3) and
the azido group of Aha38.












FIG. S5. Probability distributions of minimum distances between the azido group of Aha38 and any ion in the simulation box.
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V. AZO SWITCH PARAMETERS
Azo-switch parameters were obtained using Antechamber1 and Acpype.2 For parameterization, a model of the switch
with attached cysteine side chains was built in Pymol3 based on a preexisting structure with additional sulfonate side
chains.4 Atomic parameters were derived from GAFF parameters5 with BCC charges,6,7 the latter of which have been
found to be consistent with the Amber protein force field used in the simulation.8–10
[ AZO ]
[ atoms ]
N N -0.41570 1
H H 0.27190 2
CA CT 0.02130 3
HA H1 0.11240 4
CB CT -0.12310 5
HB1 H1 0.11120 6
HB2 H1 0.11120 7
SG S -0.05310 8
CD CT -0.32850 9
HD1 H1 0.15125 10
HD2 H1 0.15125 11
CE C 0.30800 12
OE O -0.34000 13
NZ N -0.31550 14
HZ H 0.24550 15
CH CA 0.09400 16
CT1 CA -0.18075 17
HT1 HA 0.15450 18
CI2 CA -0.06850 19
HI2 HA 0.15100 20
CT2 CA -0.18075 21
HT2 HA 0.15450 20
CI1 CA -0.06850 26
HI1 HA 0.15100 27
CK1 CA -0.07400 28
NL NE -0.07000 29
C C 0.59730 30
O O -0.56790 31
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-C CA N H
CA +N C O
N CA C +N 105.4 0.75 1
[ atomtypes ]
NE 7 14.01 0.0000 A 3.25000e-01 7.11280e-01
[ bondtypes ]
NE NE 1 0.12640 604239.0 ; AZO
NE CA 1 0.14310 302956.8 ; AZO
CA N 1 0.14220 311749.1 ; AZO
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NE NE CA 1 115.190 583.305 ; For the AZO NE NE CA
NE CA CA 1 119.880 567.228 ; For the AZO NE CA CA
CT CA CB 1 119.450 542.330 ; CB - CG - CD2 AZU GAFF
CA CB CA 1 114.190 570.360 ; CG - CD2 - CE2 AZU GAFF
[ dihedraltypes ]
CA CA N H 9 180.0 1.88406 2 ; AZO side chain connection
NE NE CA CA 9 180.0 0.00000 3 ; AZO side chain connection
CA CA N C 9 180.0 1.88406 2 ; AZO side chain connection
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Transitions in a PDZ Domain
After exploring the PDZ2 domain recognition of two diverse peptide-ligands in a
minimally invasive manner by combining azidohomoalanine (Aha) site-specific in-
frared labeling with 2D-IR spectroscopy [35], the photoswitchable peptide-ligand
version was employed to promote a non-equilibrium allosteric transition of the PDZ2
domain. Both cis to trans and trans to cis photoswitching approaches were inves-
tigated, observing the amide I response of the protein-peptide adduct by transient
infrared (TRIR) spectroscopy. An isotopically labeled (13C15N) PDZ2 domain vari-
ant was expressed, allowing for the isolation of the PDZ2 domain response from the
one of the photoswitchable ligand, as a result of the red-shifted amide I response
of the heavy (13C15N) isotopologue respect to the one of the naturally abundant
(12C14N) PDZ2 domain. The photoswitchable ligand has a different binding affinity
towards the PDZ2 domain of circa 5 fold regarding the trans or cis isomerization
state of its azobenzene moiety, where the binding affinity is higher (smaller KD)
in the trans configuration. A change of the binding affinity is a prerequisite to ex-
pect a protein structural rearrangement together with a change of the side-chain
fluctuation dynamics, which are related to the allosteric signal propagation in PDZ
domains [59–65], as it happens in nature by phosphorylation of the ligand or upon
ligand binding versus unbinding. The structural rearrangements of the protein in-
duced by ligand photoswitching were acquired until ≈ 42 µs, revealing asymmetric
non-equilibrium evolution pathways for the two photoswitching directions. More-
over from the lifetime analysis, a small number of discrete time scales emerges for
each photoswitching approach, highlighting in this way the time scale separation
involved in the overall non-equilibrium allosteric transition of the PDZ2 domain.
These experimental results can be interpreted with a Markov state model [183–188],
where the PDZ2 domain structural ensemble can be populated differently depending
57
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on the cis to trans or trans to cis photoswitching approach.
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4.1 Introduction
Allosteric regulation is a fundamental mechanism that nature employs to control
protein activity; it implies e.g. the binding of a small molecule to a protein which
acts as a regulatory trigger for the latter. The binding event takes place in a zone of
the protein (the allosteric site) distant from the region where the effects of it manifest
(active site). In recent years the concept of allostery became wider, including not
only its initial definition where the allosteric interaction provokes a conformational
change of the protein but also in terms of structural fluctuations as proposed by
Cooper and Dryden [189]. The allosteric and active sites can be several ångströms
(✝A) far away from each other, and an inevitable question arises: how does the al-
losteric signal propagate through the protein? It would be interesting to know the
answer to this fundamental scientific question.
NMR spectroscopy is a useful tool to provide us with information about protein
structures [190] and structural fluctuations at the equilibrium, employing different
relaxation methods of magnetically active nuclei [66, 67]. Due to its intrinsic time
resolution limitations, the non-equilibrium dynamics of proteins have not been inves-
tigated extensively yet, especially for what it concerns the phenomenon of allostery
[145, 191]. On the other hand, TRIR spectroscopy is a useful technique which can
be employed to study the non-equilibrium dynamics of proteins [145], due to its
inherent high time resolution.
PDZ domain are protein-protein interaction modules which are involved in sig-
naling transduction complexes and for this reason they are deeply regulated [57–59,
76–85]. These modules show a modest conformational change upon ligand binding
(. 1 ✝A) [57, 91], and represent a striking example where changes of the equilib-
rium structural fluctuations are involved in the allosteric process [59–65]. Among
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the various regulation mechanisms of proteins like phosphorylation, disulfide bond
formation/breaking, change in protein flexibility, etc. [192], ligand phosphorylation
plays a pivotal role in the regulation of PDZ domains [60, 193, 194]. It has been
reported that ligand phosphorylation in the case of Tiam1 PDZ domain/Phospho-
Syndecan1 leads to a damping effect of the dynamic motions of the distal protein
regions, despite the small change in binding affinity after phosphorylation of the
ligand (KD folds difference < 2) [60]. In the case of the PDZ2 domain, which is
the object of study and discussion of this chapter, phosphorylation of the ligand
provokes ≈ 5-7 fold difference in binding affinity [193]. It has to be underlined that,
a change in binding affinity is often a prerequisite to induce an allosteric effect in
































Figure 4.1: Wild type PDZ2 domain with the photoswitchable peptide bound to it
in both trans and cis configurations. Upon illumination at two different wavelengths
(370 and 420 nm), the trans to cis and the cis to trans photoisomerizations can be
promoted.
Here, a novel photocontrollable system is presented: it consists of the PDZ2
domain from hPTP1E (human tyrosine phosphatase 1E) and a photoswitchable
RA-GEF-2 peptide version (Ras/Rap1 associating guanidine nucleotide exchange
factor 2). The photoisomerization of an azobenzene moiety, which is present in the
structure of the photoswitchable peptide-ligand, can be promoted in both trans to
cis and cis to trans directions reversibly, employing two different wavelengths at 370
nm and 420 nm, respectively (see Fig. 4.1). The photoswitch used in this case to be
covalently linked to the peptide sequence RWAKSEAKECEQVSCV is the water-
insoluble version without the sulfonate groups (—SO3
– ) [143] reported on the top of
Fig. 1.6. The water-insoluble photoswitch does not compromise the water-solubility
of the linking product at mM concentrations, values needed to perform transient
infrared experiments, due to the high hydrophilicity of this peptide. Moreover, the
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binding affinity of the photoswitchable peptide-ligand towards the PDZ2 domain
shows a circa 5 fold difference between the trans and cis configurations of the
photoswitch, which mimics to almost the same extent what it happens in nature
via phosphorylation [193]. The dissociation constants (KD) have been determined
employing three different methods: isothermal titration calorimetry (ITC), intrinsic
tryptophan (W) fluorescence quenching and circular dichroism (CD) spectroscopy
(see Fig. 4.2, 4.3, and Methods for details – section A.1 – Determination of the
Binding Affinities) [148]. TheKD and their mean value obtained from these methods
(KD,trans = 2.0± 0.6 µM, KD,cis = 9.6± 0.5 µM) have been reported in Tab. 4.1. It
has to be stressed that the photoswitch element, which is needed to promote the non-
equilibrium perturbation of the PDZ2 domain, is covalently linked to the peptide
and not to the protein, leaving the latter intact without introducing any artificial
element on it. Furthermore, to unravel the highly convoluted amide I response of the
PDZ2 domain from the one of the photoswitchable peptide, isotope labeling strategy
has been employed [46–50], expressing a (13C15N) PDZ2 domain variant. Acting in
this way, the ultrafast transient amide I response of the PDZ2 domain upon peptide
photoswitching has been isolated, obtaining an experimental observable which can
be correlated with the allosteric signal propagation in the PDZ2 domain.
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Figure 4.2: Isothermal titration calorimetry (ITC) thermograms of the wild type
PDZ2 domain with the photoswitchable peptide-ligand in the trans and cis config-
urations (left and right plot, respectively).
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Figure 4.3: Dissociation constants (KD) determination for the wild type PDZ2 do-
main and the photoswitchable peptide-ligand in the cis (red) and trans (black)
configurations, employing circular dichroism (CD) spectroscopy and intrinsic tryp-
tophan (W) fluorescence quenching methods (panels A and B, respectively).
Table 4.1: Dissociation constants (KD) for the wild type PDZ2 domain and the
photoswitchable peptide-ligand in the cis and trans configurations obtained from
isothermal titration calorimetry (ITC), circular dichroism (CD) spectroscopy and
intrinsic tryptophan (W) fluorescence quenching methods. The KD and their mean
value have been reported in the following table.
KD (µM)
trans cis
ITC 2.7 ± 0.2 9.1 ± 0.4
CD 1.6 ± 0.1 10.1 ± 0.3
Fluorescence 1.7 ± 0.3 9.8 ± 1.2
Mean 2.0 ± 0.6 9.6 ± 0.5
4.2 Pump-Probe Measurements and Lifetime Analysis
The system under investigation is shown in Fig. 4.1. This figure is representative
of the experiment performed, where two main considerations had to be taken into
account:
❼ Due to the high concentrations needed to perform the transient infrared ex-
periments (photoswitchable peptide ≈ 1.25 mM, PDZ2 domain ≈ 1.5 mM)
together with the KD values of ≈ 2.0 µM and ≈ 9.6 µM for the trans and cis
states, the photoswitchable peptide is essentially bound to the PDZ2 domain
in both trans and cis configurations (fraction bound > 95% in both cases).
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❼ In these conditions, the difference between the trans and cis states in terms of
fraction bound of the photoswitchable peptide to the PDZ2 domain is negligi-
ble (< 5%). Moreover, the timescales for unbinding events are most probably
beyond the time window accessible with our experiment (e.g. koff ≈ 40-70 s
−1
for RA-GEF-2 peptide) [195].
The pump-probe spectra (see Methods for details – section A.2 – Transient Infrared
(IR) Spectroscopy) were collected in the amide I spectral region for both trans to cis
and cis to trans photoswitching directions; the data are shown in the panels (d-f)
and (g-i) of Fig. 4.4, respectively. The amide I vibration at ≈ 1650 cm−1 is known
to be sensitive to the secondary structure of proteins and peptides [45]. It originates
mainly from the C=O stretching vibration, depending on the relative orientation
and distances among the C=O dipoles in the backbone structure. A change of the
secondary structure affects the resonance interaction among the oscillating C=O
dipoles, which causes a change of the amide I absorption band [45].
The transient infrared spectra reported in Fig. 4.4 were normalized to each
other based on several parameters: the different pump-pulse energies employed for
the trans to cis and cis to trans photoswitching experiments (circa 2.1 and 1.3 µJ,
respectively), the characteristic extinction coefficient values of the trans and cis
photoswitchable peptide isomers (circa 23500 M−1 cm−1 for trans at 380 nm versus
2000 M−1 cm−1 for cis at 420 nm) [131], and the distinct isomerization quantum
yields of each photoswitching direction (circa 8% for trans to cis and 62% for cis
to trans, respectively) [141]. This kind of normalization means that the transient
infrared data shown in Fig. 4.4 refers to the same amount of isomerized molecules in
both photoswitching experiments. The left panels (a, d, g) of Fig. 4.4 show the re-
sults for the wild type PDZ2 domain bound to the photoswitchable peptide and the
middle panels (b, e, h) those for the analogous sample with the same concentrations
of the two species as before but with an isotopically labeled (13C15N) PDZ2 domain
variant, which red-shifts the amide I absorption band of the protein upon peptide
photoswitching. Even though the transient infrared responses in panels (d, e) and
(g, h) for the two photoswitching approaches appear similar, they are not, and the
desired information is hidden within them. The observed signals are dominated by
the peptide response, which is covalently linked to the azobenzene moiety of the
photoswitch, the element responsible for the photoisomerization process. In order
to isolate the smaller PDZ2 domain response upon peptide photoswitching from the
dominant response of the photoswitchable peptide, the transient data have been
subtracted, exploiting the fact that only the amide I response of the PDZ2 domain
has been red-shifted due to the isotope labeling effect [46–50], and obtaining the
data in the panels (c, f, i) of Fig. 4.4. It has to be stressed that the sample con-
centrations have been kept the same in the various transient infrared experiments
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Figure 4.4: Transient infrared spectra in the amide I spectral region. Panels (a-c)
compare the transient data acquired at long pump-probe delay times (averaged from
≈ 20 to 42 µs to improve the signal to noise) for trans to cis (blue line) and cis to
trans (red line) photoswitching, together with the properly scaled trans to cis FTIR
difference spectrum (black line). Panels (d-f) and (g-i) show the transient data for
trans to cis and cis to trans photoswitching, respectively. Left panels (a, d, g) show
the transient data for the sample with the wild type (WT) protein, middle panels (b,
e, h) for the sample with the protein 13C15N-labeled (the photoswitchable peptide
is with naturally abundant 12C14N), and right panels (c, f, i) for the 13C15N-WT
difference spectra. Red colours in panels (d-i) indicate positive absorbance changes,
blue colours negative absorbance changes. The relative scaling of the two data sets
for the two photoswitching directions as well as the labeled features are described
in the text.
and that the experiments themselves have been performed right after each other for
each photoswitching direction, without changing any experimental parameter.
The pump-probe data shown in the panels (d-f) of Fig. 4.4 for the trans to cis
experiment manifest strong signals at early delay times up to circa 100 ps (marked
as *1 and some of them have been highlighted in white) which are the consequence
of the vibrational cooling of the photoswitch after the absorption of the excita-
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Figure 4.5: Transient kinetic traces of the 13C15N-WT difference data at
≈ 1636 cm−1, i.e. they represent the isolated transient infrared responses of the
band marked with *3 and *4 in Fig. 4.4 of the 13C15N-labeled PDZ2 domain upon
peptide photoswitching. Panel (a) and (b) show the results for the trans to cis and
the cis to trans photoswitching directions, respectively. The experimental data are
shown as black dots, the fit S(ωi, t) (see Methods for details, section A.3 – Lifetime
Analysis – Eq. A.1) as red lines, and the amplitudes a(ωi, τj) of the lifetime spectra
as blue lines.
tion pulses needed to promote the photoisomerization event [25]. In other words,
the azobenzene moiety, which constitutes the photoswitch, dissipates part of the
absorbed energy to its chemical environment in the form of heat with a different
extent depending on the quantum yields for the trans to cis and cis to trans photo-
switching processes. This kind of effect is known, has been already observed before
[25, 72, 136] and have a relaxation time of circa 10 ps. This time scale is faster than
the pump-pulse duration which is circa 200 ps (the pump-pulse was stretched to this
value bypassing the compression stage in the regenerative amplifier to minimize the
sample degradation during the transient infrared experiments), which signifies that
the time response of the heat signal reflects the temporal shape of the pump-pulse.
The heat signal is bigger for the trans to cis process due to the smaller quantum
yield in this case respect to the cis to trans photoisomerization, which de facto
means that a smaller fraction of absorbed photons are productive for the trans to
cis process [72] and that the heat signal is significantly smaller in the cis to trans
case (see marks *2 in panels (g, h) of Fig. 4.4).
The isolated PDZ2 domain non-equilibrium responses upon trans to cis and cis
to trans peptide photoswitching (see panels (f, i) in Fig. 4.4) show complex spectral
features and are spread over several orders of magnitude in time. Moreover, the
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Figure 4.6: Lifetime analysis for the 13C15N-WT difference data in Fig. 4.4. Panels
(a, c) show the lifetime spectra a(ωi, τj) (see Methods for details, section A.3 –
Lifetime Analysis – Eq. A.1) of the 13C15N-WT difference data for trans to cis and
cis to trans photoswitching, respectively. Red colours indicate positive amplitudes
a(ωi, τj), while blue colours negative amplitudes a(ωi, τj). Panels (b, d) show the
averaged lifetime spectra a(τj) (black thick lines) for trans to cis and cis to trans
photoswitching, respectively. The 2D information present in panels (a, c) has been
averaged in an absolute sense over the probe frequency axis ωi and squeezed in a 1D
plot (see Eq. A.5). The horizontal black dotted lines connecting the lifetime spectra
a(ωi, τj) in panels (a, c) with the corresponding average lifetime spectra a(τj) in
panels (b, d) highlight distinct timescales for the two photoswitching directions.
two responses are not mirror-images of each other, which would be expectable if
the response of the PDZ2 domain evolved through the same pathway upon trans to
cis and cis to trans photoisomerizations. There are some examples in the literature
which suggest that different evolution pathways, for the forward and backward reac-
tions of a determined process, are characteristic of non-equilibrium phenomena [72,
196–199]. For instance, the most pronounced band at ≈ 1636 cm−1 (marked as *3)
appears at early pump-probe delay times (at 1 ns it is already present) in the trans to
cis experiment, while the same band (marked as *4) develops at ≈ 10-100 ns in the
cis to trans photoswitching direction. The transient kinetic traces of the band men-
tioned above are shown in Fig. 4.5 and from their comparison, the distinct dynamics
highlight the different pathways followed by the PDZ2 domain response with the
two photoswitching approaches. Furthermore, the transient band at ≈ 1580 cm−1
(marked as *5) in panel (f) for the trans to cis experiment has a lifetime of ≈ 10 ns,
which has no counterpart in panel (i) for the cis to trans acquisition, namely an
equivalent transient band with opposite sign.
The data in the panels (a-c) in Fig. 4.4 show the comparison between the tran-
sient infrared data acquired at long pump-probe delay times (averaged from ≈ 20
to 42 µs to improve the signal to noise) for the trans to cis (blue line) and cis to
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trans (red line) experiments, together with the properly scaled trans to cis FTIR
difference spectrum (black line, FTIR divided by 16), which represents de facto the
response at infinite time after photoswitching. The aforementioned transient in-
frared data have similar intensities (after normalizing them for the same number
of photoswitched molecules as described before) without being exact mirror-images
of each other. Above all from their comparison, it sticks out the negative band in
blue (marked as *6) at ≈ 1600 cm−1 for the trans to cis spectrum, which counter-
part in the red cis to trans spectrum is absent. It is remarkable to note that the
black FTIR difference spectrum reveals this negative band at ≈ 1600 cm−1. These
experimental observations allows us to conclude that in both photoswitching exper-
iments, the PDZ2 domain undergoes significant structural rearrangements within
42 µs, namely the non-equilibrium response of the protein is confined mostly within
this time scale. The tighter match of the blue trans to cis spectrum to the black
FTIR difference spectrum in panel (c) of Fig. 4.4 indicates that the progress of the
overall non-equilibrium process after 42 µs is more forward for the trans to cis than
for the cis to trans photoswitching experiment.
In order to extract the maximum information from the experimental data, the
maximum entropy inversion of the Laplace transform [200, 201] has been employed
to analyse the isolated PDZ2 domain responses upon trans to cis and cis to trans
peptide photoswitching reported in panels (f, i) of Fig. 4.4, respectively. This analy-
sis gave rise to the lifetime spectra in panels (a, c) and to the corresponding averaged
lifetime spectra in panels (b, d) of Fig. 4.6 for the two photoswitching approaches
(see Methods for details, section A.3 – Lifetime Analysis). The lifetime analysis rep-
resents the dynamic evolution of the non-equilibrium kinetics of the isolated protein
responses, which is related to the allosteric signal propagation in the PDZ2 domain,
as a consequence of the perturbations induced by peptide photoswitching in the
trans to cis and cis to trans directions. From the lifetime analysis in Fig. 4.6, two
observations are worth to be mentioned:
1. The non-equilibrium response of the protein is asymmetric; there are no regular
counterparts between the amplitudes of the lifetime spectra in panels (a, c)
for the two photoswitching experiments.
2. A discrete set of timescales (marked as horizontal black dotted lines) emerges
for each trans to cis and cis to trans photoswitching approach, where both
sets are associated to the maxima present in each of the corresponding average
lifetime spectra in panels (b, d). These maxima represent the time scales to
which the transient structural changes of the PDZ2 domain are the biggest.
From the second remark, a discrete set of timescales is characteristic of each pho-
toswitching direction, which can be interpreted with a Markov state model repre-
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sentation of the overall process [183–188], where the horizontal black dotted lines
in Fig. 4.6 represent the most populated structures of the PDZ2 domain structural
ensemble for each trans to cis and cis to trans photoswitching approach. Molecular
dynamics (MD) simulations are underway to correlate the non-equilibrium protein







In parallel with the studies on the PDZ2 domain, another system was investigated;
the RNase S complex [74, 75, 175, 176, 179, 202]. Five photoswitchable S-peptide
variants were designed and synthesized with the intent to modulate the binding
affinity between the two partners which constitute the RNase S adduct, maximiz-
ing the dissociation constant (KD) difference upon cis to trans photoisomerization.
The foremost design criteria for the realization of such photoswitchable S-peptides
was the decrease of the amount of α-helical content upon cis to trans photoisomer-
ization [143]. From simulation studies of our collaborators in Freiburg (Prof. Dr.
Gerhard Stock and coworkers), the increase of the experimentally observed KD val-
ues upon cis to trans photoswitching correlates well with the reduction of α-helicity
of the various photoswitchable S-peptide versions. Regarding the S-pep(6,13) vari-
ant, non-specific binding was observed for one of the two photoswitch states (the
trans configuration) [148, 203, 204], revealing an ideal candidate for unbinding time-
resolved experiments. The transient infrared data have been reported in a separate
section of this chapter.
∗ I contributed to this paper with the design of the photocontrollable sys-
tem RNase S concerning S-pep(6,15), the purification of S-protein, the trou-
bleshooting regarding the KD determination of the various S-peptide mutants,
the realization of a highly sensitive optical fluorescence setup for the KD de-
termination of S-pep(6,13), and with Fig. S1 and S2.
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ABSTRACT: An azobenzene-derived photoswitch has been covalently cross-linked to two sites of the S-peptide in the RNase S
complex in a manner that the α-helical content of the S-peptide reduces upon cis-to-trans isomerization of the photoswitch.
Three complementary experimental techniques have been employed, isothermal titration calorimetry, circular dichroism
spectroscopy and intrinsic tyrosine fluorescence quenching, to determine the binding affinity of the S-peptide to the S-protein in
the two states of the photoswitch. Five mutants with the photoswitch attached to different sites of the S-peptide have been
explored, with the goal to maximize the change in binding affinity upon photoswitching, and to identify the mechanisms that
determine the binding affinity. With regard to the first goal, one mutant has been identified, which binds with reasonable affinity
in the one state of the photoswitch, while specific binding is completely switched off in the other state. With regard to the
second goal, accompanying molecular dynamics simulations combined with a quantitative structure activity relationship
revealed that the α-helicity of the S-peptide in the binding pocket correlates surprisingly well with measured dissociation
constants. Moreover, the simulations show that both configurations of all S-peptides exhibit quite well-defined structures, even
in apparently disordered states.
1. INTRODUCTION
Understanding conformational and dynamic aspects of
protein−protein interactions is of paramount importance for
new strategies in controlling them. In order to employ time-
resolved techniques for the investigation of conformational
changes of proteins and/or peptides, e.g., by transient X-ray
scattering1 or transient infrared (IR) spectroscopy,2 fast
triggering of a given process is required. This is where the
importance for external control of specific interactions
emerges: it facilitates detailed understanding of real-time
conformational changes induced by protein−peptide recog-
nition. Photocontrol has been recognized as a valuable tool for
the external manipulation of numerous in vitro as well as in vivo
processes. This way of triggering conformational changes offers
numerous advantages, in particular high spatial and temporal
resolution and selectivity.3 Photoswitching, as one of the most
promising approaches of photocontrol, has the additional
advantage of being reversible.4 For example, a reversible
photocontrol of the α-helical content of small peptides with
sufficient α-helical propensity can be achieved by cross-linking
to sites of the peptide with an azobenzene-based molecule.5−8
Upon illumination, the azobenzene chromophore undergoes a
reversible cis to trans isomerization around its central diazene
(NN) double bond. Isomerization changes the geometry of
the azobenzene moiety with different end-to-end distances of
the two configurations, leading to either a perturbation or a
stabilization of the helix, depending on the distance between
sites to which the azobenzene moiety is bound.9 Besides
triggering folding/unfolding of small α-helices, azobenzene
derivatives have also been incorporated in small cyclic
peptides10,11 and β-hairpins.12−15 More complex structural
processes induced by that concept include the folding/
unfolding transition of relatively large proteins,16,17 the
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modulation of enzymatic activity,18−20 cell−cell adhesion,21 or
ion-channel activity.3 In vivo applications became possible with
the design of biocompatible azobenzene derivatives, e.g., in
zebrafish embryos22,23 or to control mitosis.24
In this study, we modulate the binding affinity within the
noncovalent ribonuclease S complex (RNase S) with the
ultimate goal of achieving photoinduced peptide unbinding.
RNase S results from limited, site-specific hydrolysis of
ribonuclease A, an enzyme from bovine pancreas.25 Under
controlled conditions, subtilisin can cleave a single peptide
bond in RNase A and yields the RNase S complex composed
of the S-peptide (residues 1−20) and the S-protein (residues
21−124).25 Full enzymatic activity is restored when the two
components form a native-like complex. The three-dimen-
sional structure of the complex is essentially the same as that of
intact RNase A, except from small differences near the cleaved
peptide bond.26 Consequently, the S-peptide adopts an α-
helical structure when it is bound to the S-protein, while it is
essentially disordered when isolated in solution due to its short
sequence.27 This property makes RNase S an excellent model
to study the question whether the recognition mechanism
between the S-protein and S-peptide can be characterized as
“induced-fit” or as “conformational selection”.28−31 Further-
more, it opens the possibility to phototrigger binding/
unbinding of the S-peptide, adopting the concept that has
previously been used to control the α-helical content of
isolated peptides via cross-linking two sites of the helix with an
azobenzene moiety.5−8 Figure 1 shows the construct we
designed for this work: a S-peptide (blue) is bound to a S-
protein (yellow), the former of which being photoswitchable
and designed in a way that the azobenzene-moiety (red) in its
trans-configuration destabilizes the α-helical content of the S-
peptide.
There have been attempts to photocontrol RNase S in the
past, mainly with the focus on influencing the enzymatic
activity. Pioneering studies have been performed by Lui et al.32
as well as Hamachi et al.33 They created different mutants with
the non-natural amino acid phenylazophenylalanine placed at
different positions of the S-peptide. In contrast to our
construct, the photoswitch does not cross-link two sites.
Nonetheless, by photoswitching the configuration of the
artificial side chain, particularly at position 13 of the S-
peptide,33 the enzymatic activity in one of the photoswitch
states was reported to cease completely. In the subsequent
study of Woolley’s group,34 the same model system has been
studied more extensively. They could not reproduce the results
from ref 33; rather, they found only a 2-fold difference in the
activity between cis and trans states. In this study, binding
affinities were also estimated, albeit indirectly via the enzymatic
activity results. The largest modulation they found for the
binding affinity in the cis vs the trans state was a factor 5. A
different protein system that, however, uses a very similar
design idea as our present one has been reported by Kneissl et
al.,35 who designed photocontrollable α-helical model peptides
that bind to the Bcl-xl protein and are relevant for apoptosis.
Up to 20-fold difference in binding affinity has been reported
upon trans to cis isomerization of the photoswitch, but specific
binding was preserved in both states with binding affinities in
the nanomolar range.
2. DESIGN CRITERIA
For the design of the photoswitchable S-peptides, the following
basic criteria were considered:
• A water-soluble derivative of azobenzene has been used
as photoswitch, BSBCA (3,3′-bis(sulfonato)-4,4′-bis-
(chloroacetamido) azobenzene).36
• A pair of amino acid residues needs to be replaced by
cysteines for the site-selective linking of BSBCA. When
choosing these sites, their effect for binding to the S-
protein and/or the stability of the α-helix needs to be
considered.
• Steric hindrance between cross-linked photoswitch and
S-protein binding cleft should be avoided so that specific
binding is preserved. To that end, the PyMOL software
package37 was used for visual examination and
discrimination between solvent-exposed and nonsol-
vent-exposed amino acid residues of the S-peptide.
• The goal has been to stabilize the α-helical conformation
in the more compact cis state of BSBCA, and to
destabilize it in the trans state. This criterion determines
the distance between sites that are being cross-linked.9
To that end, we assumed an ideal length of BSBCA in its
cis state of 11−16 Å,17 and determined distances from
the X-ray structure of RNase A (PDB ID: 2E3W).38
Within that framework, five different photoswitchable S-
peptide variants have been designed. Ala6 has been chosen as
the first anchoring point in all but one S-peptide variants, since
it is the first amino acid residue (starting from N-terminus)
that is part of the α-helical region and at the same time is
solvent-exposed in the complex. Furthermore, it has been
shown to have no effect on the binding affinity or the structure
of the RNase S complex.28,31,39
To obtain a prototype S-peptide that preserves binding, we
started with Ser15 as a second anchoring point, which also is
known to be a residue that does not affect the binding.28
Furthermore, it fulfills all aforementioned steric criteria; in
particular, the end-to-end distance of the photoswitch in the
cis-state fits the distance in the X-ray structure the best. We will
denote that variant as S-pep(6,15). However, we learned
quickly that this particular variant does not modulate the
binding affinity significantly upon photoswitching, and we
moved toward the next S-peptide variant, investigating the
effect of a mutation that destabilizes the S-protein/S-peptide
complex. We selected His12 for this purpose, whose mutation
to Phe12 decreases the binding affinity by about a factor 25;29
we will call that variant S-pep(6,15)H12F.
Figure 1.Molecular construct studied in this work: S-protein (yellow)
with S-pep(6,13) (blue) bound to it in the two states of the
photoswitch (orange).
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Furthermore, assuming that the α-helical content determines
the binding, we considered S-pep(6,13) and S-pep(6,10) with
shorter spacings 7 and 4, respectively, between the anchoring
groups. According to ref 9, these spacings maximize the
difference in stability of an α-helix with the photoswitch in the
cis vs the trans states. Finally, we explored one variant in which
we varied the starting point by one amino acid, S-pep(7,11),
again with spacing 4. The amino acids that are affected in this
case, Lys7 and Gln11, were both shown to play a role in the
stabilization of the helix and in complex formation.40,41
3. MATERIALS AND METHODS
3.1. Preparation and Purification of S-Protein and S-
Peptide Variants. The S-protein was prepared from the commercial
bovine ribonuclease A (Sigma-Aldrich) by limited proteolysis with
subtilisin, in essence as described in refs 25, 42. The proteolysis
mixture was then applied to size-exclusion chromatography on a
Sephadex G-75 in order to isolate the S-protein from the S-peptide as
well as from subtilisin and residual unhydrolized RNase A. Wild-type
S-peptide (sequence KETAAAKFERQHMDSSTSAA) and four
modified S-peptide mutants with pairs of cysteine residues on
different positions (i.e., S-pep(6,15), S-pep(6,13), S-pep(6,10) and S-
pep(7,11), see Section 2) were synthesized by standard
fluorenylmethoxycarbonyl(Fmoc)-based solid-phase peptide-synthesis
on a Liberty 1 peptide synthesizer (CEM Corporation, Matthews,
NC, USA). For S-pep(6,15)H12F, an additional His-to-Phe mutation
was introduced at position 12. All amino acids were purchased from
Novabiochem (La Jolla, CA, USA). The peptides were subsequently
purified using reverse-phase C18 high performance liquid chromatog-
raphy (HPLC) with an acetonitrile gradient 0−100% in 10 column
volumes. The cysteine residues were subsequently cross-linked with
the photoisomerizable linker BSBCA,36 and purified again with the
same conditions as in the previous step. The purity of S-protein and
all S-peptide variants was confirmed by mass-spectrometry. Solutions
of S-protein and S-peptide variants were prepared in 50 mM sodium
phosphate buffer at pH 7.0. Concentrations were determined by
amino acid analysis.
The trans-configuration is the thermodynamically more stable one
and accumulates to essentially 100% upon thermal relaxation, which
happens on a time scale of 1−10 h (see Supporting Information,
Figure S1A). Typically, we left the sample in the dark overnight before
an experiment of the trans-configuration was performed. To prepare
the cis-configuration, we illuminated the sample with a 370 nm cw
diode laser (90 mW, CrystaLaser). Its power is sufficient to switch a
sample in minutes, and we verified that >85% cis is prepared in that
way (see Figure S1B and its discussion).
3.2. Isothermal Titration Calorimetry (ITC). The ITC measure-
ments were performed on a MicroCal iTC200 from Malvern
(Malvern, UK) at 25 or 21 °C for wild-type and photoswitchable
S-peptides, respectively. The sample cell contained 250 μL of S-
protein solution at concentrations that varied according to the
expected affinity. 10× higher S-peptide concentration was titrated into
the sample cell. The first injection was 0.4 μL, and subsequent
injections every 120 s were 2.0 μL. We verified that ITC reveals
reliable results for the binding affinity also in the cis-state, despite the
fact that the overall measurement time is comparable to that of the
thermal cis-to-trans back-isomerization for the free peptide, and
despite the fact that this reaction releases heat43 that is comparable to
the heat of binding (see Figure S1A and its discussion). Kd values
were determined from the ITC data using the instrument’s software
and assuming one binding site.
3.3. Circular Dichroism (CD) Measurements. The CD
measurements were performed on a Jasco (Easton, MD) model J-
810 spectropolarimeter in a 0.1 cm quartz cuvette. We made sure the
measurement was fast enough to prevent a significant amount of
thermal back-isomerization, and that the intensity of the light used by
the CD spectrometer was low enough so the amount of molecules
that photoisomerized due to that light was negligible (see Figure S2 in
Supporting Information).
3.4. Intrinsic Tyrosine Fluorescence Quenching. Fluorescence
measurements were performed using two different fluorimeters. A
commercial instrument (PerkinElmer) was used for the wild-type S-
peptide, setting excitation and emission wavelengths to 285 and 306
nm, respectively. A larger sensitivity was needed for the photo-
switchable variants due to the large absorption of the photoswitch
itself, which furthermore changes between cis and trans states, and
hence required an extremely low concentration to avoid fluorescence
reabsorption (optical densities were kept below OD = 0.05). At the
same time, the excitation intensity needed to be very low to avoid
inducing isomerization of the photoswitch during the course of the
measurement (see Supporting Information for details). The larger
sensitivity was achieved with a home-built fluorimeter, which
employed 266 nm for the excitation obtained from the third harmonic
of a Ti:sapphire amplified laser system (Spectra Physics, Spitfire). The
fluorescence was detected in a 90° geometry using a single photon
counter (PMA 175-N-M, PicoQuant) together with a special filter
(XRR0340 Asahi Spectra USA) to remove both the 266 and 370 nm
radiations needed to promote the fluorescence of the tyrosines and
the trans to cis isomerization of the photoswitch, respectively.
3.5. Molecular Dynamics (MD) Simulations. To generate
initial structures of RNase S for the MD simulations, we started with
the RNase complex structure (PDB ID: 1Z3P),44 mutated Nva13 to
Met13, and then attached five additional residues from an X-ray
structure of RNase A (PDB ID: 2E3W)38 at the C-terminus of the S-
peptide. Following the procedure from ref 45, we next attached the
azobenzene photoswitch on cysteine side chains by mutating the
respective residues i, j of S-peptides according to experimental
labeling positions (see Section 2). All MD simulations were
performed using the GROMACS software package v4.6.7 (ref 46)
with hybrid GPU-CPU acceleration scheme, the Amber03ws force
field47 and TIP4P-2005 water48 solvent molecules. After energy
minimization, all systems were equilibrated for 10 ns, and simulated at
300 K for at least 400 ns (see Supporting Information for details).
Moreover, a MD simulation of wild-type RNase S was performed, in
order to show the similarity of the conformational distributions of
cross-linked vs wild-type peptides (Figure S3).
MD trajectories were preprocessed by performing a principal
component analysis on backbone dihedral angles (dPCA+)49 of
residues 3 to 13 of S-peptides. Including only the first few principal
components with 80% of the total sum of eigenvalues (depending on
the individual system, about five to six), we define a reduced
coordinate space of significantly lower dimensionality.50 After
dimensionality reduction, robust density-based clustering51 was
performed to identify the metastable conformational states of the
individual systems (see Supporting Information for details). On the
basis of most populated states, representative structures and respective
flexibilities were obtained by employing gmx rmsf in Gromacs and
displayed via PyMOL.37
4. RESULTS
4.1. Experimental Results. We used three independent
methods to determine the binding affinity of the various S-
peptides to the S-protein: ITC, CD spectroscopy and intrinsic
tyrosine fluorescence quenching. Each one of these methods
focuses on different aspects of binding, and has its strengths
and weaknesses. For some of the S-peptides, more than one
method could be applied with reasonable confidence, allowing
us to cross-validate the results.
Starting with the “gold standard”, ITC,52 it was possible to
determine binding affinities for relatively strong binders, see
Figure 2 and Table 1. Due to the limited solubility of both the
S-protein and the S-peptide, we could not determine the
binding affinity of S-pep(6,13) in either state of the
photoswitch, and, more severely, also not for the trans-
configuration of most of the other S-peptides, with the one
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exception of S-pep(6,15), for which the effect of switching is
negligible.
We therefore turn to CD spectroscopy in the next step, as
our starting assumption has been that the photoswitch in the
trans-configuration perturbs the helical conformation of the S-
peptide, and CD spectroscopy is sensitive to exactly that
structural aspect. To set the stage, we show in Figure 3 CD
spectra of the S-pep(7,11) alone in its two states (red and
blue), of the S-protein alone (black), as well as of mixtures of
both at a concentration where the amount of binding has been
≈25% in the trans-state and ≈75% in the cis-state (vide inf ra).
For the S-peptide alone, the CD spectra indicate a
predominantly random-coil conformation, regardless of the
state of the photoswitch (see Figure 3, red and blue). This
finding is in agreement with the well-known fact that the S-
peptide is disordered when it is free in solution.29 The
structural constrain of the photoswitch does not lead to any
significant stabilization of the helical structure in the isolated
form. Once bound to S-protein, however, the S-peptide adopts
a helical structure, as deduced from a CD signal (Figure 3,
green and purple) that is significantly larger than the sum of
the signals from the S-peptide alone (red and blue) and S-
protein alone (black). Furthermore, the results show that there
are significant differences in helical content between the cis and
trans states, indicating a larger amount of binding due to a
higher affinity in the cis-state.
Besides folding of the S-peptide upon binding, the
contribution of the S-protein per se to the overall CD signal
might change as well. That can be seen from the fact that the
difference between, e.g., the purple line in Figure 3 (S-protein
plus ≈75% of bound S-pep(7,11)-cis) and the black line (S-
protein alone), is much bigger than what the size of the
fragments would suggest (20 amino acids for the S-peptide vs
104 amino acids of the S-protein). Indeed, it has been
suggested that the S-protein is much more flexible in the
absence of the S-peptide,53 which is also the reason for
difficulties in obtaining a crystal structure. Along these lines, a
recent MD simulation has shown that helix II of the S-protein
unfolds when the S-peptide unbinds.31
To determine the binding affinity, the CD signal at 225
nm54 was measured as a function of S-peptide concentration,
keeping the concentration of the S-protein constant at around
50 μM, see Figure 4. In these plots, “0%-fraction-bound”
corresponds to the CD signal calculated as a trivial sum of the
Figure 2. ITC thermograms of the S-protein and different S-peptide
variants. (A) Wild-type S-peptide, (B) S-pep(6,15)H12F-cis, (C) S-
pep(6,15)-cis, (D) S-pep(6,15)-trans, (E) S-pep(6,10)-cis and (F) S-
pep(7,11)-cis.
Table 1. Dissociation Constants Kd (in μM) of the Various S-Peptide Variants and the S-Protein As Determined by ITC, CD
and Intrinsic Tyrosine Fluorescence Quenching
ITC CD fluorescence
cis trans cis trans cis trans
S-pep(6,15) 1.5 ± 0.2 1.2 ± 0.8 1.7 ± 1.0 2.9 ± 0.8 3.6 ± 0.9 3.2 ± 1.3
S-pep(6,15)H12F 1.9 ± 0.4 − 1.5 ± 0.5 21 ± 1.8 − −
S-pep(6,13) − − 70 ± 20 *a 130 ± 30 *b
S-pep(6,10) 0.6 ± 0.2 − 2.3 ± 1.2 47 ± 10 − −
S-pep(7,11) 5.9 ± 0.2 − 6.2 ± 2.9 125 ± 15 − −
wild-type 0.11 ± 0.01 0.14 ± 0.04 0.14 ± 0.02
aNo binding was observed. bUnspecific binding was observed, however, since the saturation plateau could not be reached, the binding constant
could not be determined.
Figure 3. CD spectra of the S-peptide alone in trans (red) and cis
(blue), the S-protein alone (black), and the S-protein with S-peptide
in the trans (green) and cis state (purple), exemplified here for S-
pep(7,11).
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contributions from S-peptide alone and S-protein alone, and
“100%-fraction-bound” to the plateau value reached at high
enough S-peptide concentrations. To determine the binding
affinity Kd, the data were fit to a chemical equilibrium, P + L⇌
PL. Table 1 summarizes the results. It turns out that the
method is more reliable for weak binders and as such
complementary to ITC. That is, if the binding affinity becomes
too large with Kd values much smaller than the concentration
of the S-protein, the binding curve adopts a kink-like behavior
(see in particular the wild-type data in Figure 4A) and the fit
parameters become very insensitive to Kd; in essence, it is then
a single data point at the kink that determines Kd. Fortunately,
both ITC and CD work reasonably well for S-pep(6,15),
allowing us to cross-validate the two methods.
Finally, fluorescence quenching was employed as a method
to determine the dissociation constants for the cis and the trans
forms of some of the peptides. The intrinsic tyrosine S-protein
fluorescence decreases by ca. 20% upon binding in all cases.
Local structural aspects like changes of the chemical environ-
ment via hydrogen bonds, disulfide bridges formation/breaking
and resonance energy transfer mechanism can affect the
intrinsic tyrosine fluorescence quenching of RNase S.55,56 The
obtained binding curves are shown in Figure 5, where the
values for “0%-fraction-bound” and “100%-fraction-bound”
have been determined in the same way as for the CD data.
Wild-type and S-pep(6,15) were used to cross-validate the
fluorescence method with CD and ITC techniques, with both
the commercial and the home-built fluorimeters, respectively,
and S-pep(6,13) was then measured as an example with very
low binding affinity. The extracted binding affinities are
summarized in Table 1. Overall, the results from three
different methods are in good agreement with each other
within experimental error.
4.2. Computational Results. To study the relation
between changes in binding affinity (i.e., experimental Kd
obtained by CD spectroscopy) and secondary structural
changes of the S-peptides, all-atom MD simulations were
performed as described in Methods. As an overview, Figure 6
shows the resulting dynamics of secondary structures of the
various S-peptides obtained from DSSP analysis.57,58 In
particular, we focus on the differences of helicity when
changing from cis to trans configuration. In the case of S-
pep(6,15) and S-pep(6,15)H12F, we find that the core region
formed by residues 4−11 exhibits a stable α-helical
conformation in both cis- and trans-configuration. Recalling
that an α-helix of residues Thr3-Met13 is the hallmark of the
native, active RNase S,29 we conclude that the structures of
these S-peptides are hardly perturbed by the photoswitch. This
conclusion is also supported by the fact that the wild-type
peptide exhibits about the same helicity as S-pep(6,15) and S-
pep(6,15)H12F (see Figure S3). S-pep(6,13), on the other
hand, is significantly more affected by cis-to-trans photo-
switching. Apart from infrequent short perturbations, S-
pep(6,13)-cis reveals a relatively stable α-helical structure,
while its trans form mostly exist as a 310 helix or random coil.
In a similar way, S-pep(6,10) and S-pep(7,11) exhibit
decreased α-helicity upon cis-to-trans photoswitching, although
Figure 4. CD binding curves for various S-peptide variants. (A) Wild-
type, (B) S-pep(6,15), (C) S-pep(6,15)H12F, (D) S-pep(6,13), (E)
S-pep(6,10) and (F) S-pep(7,11). Measurements with the photo-
switch in cis configuration are plotted in red, those in the trans
configuration in black.
Figure 5. Fluorescence binding curves for various S-peptide variants. (A) Wild-type, (B) S-pep(6,15) and (C) S-pep(6,13). Measurements with the
photoswitch in cis configuration are plotted in red, those in the trans configuration in black. In the case of S-pep(6,13)-trans, the saturation plateau
was not reached; it was assumed to be the same as for S-pep(6,13)-cis for the purpose of plotting (but that does not have to be correct since
unspecific binding implies that more than one S-peptide might bind). The linear fit in this case is displayed to guide the eyes.
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the structural changes found in trans are less prominent
compared to S-pep(6,13). Performing a time average over the
trajectories, the above findings can be represented by a
probability distribution of the α-helicity of the various systems
(see Figure S3, Supporting Information).
To connect these computational results for the α-helicity αH
to the experimental findings of Kd in form of a quantitative
structure activity relationship (QSAR), we used a Boltzmann
statistics-based ansatz, which assumes that the free energy of
binding, ΔG ∼ ln (Kd), is linearly dependent on the number of
peptide residues in α-helical conformation. This gives
α α= − +
α
c k T Kln( ) HH B d 0 (1)
where cα accounts for the free energy gain per helical residue
ΔG = αH/cα, and αH0 is a reference peptide helicity. As shown
in Figure 7, this ansatz reveals a convincing fit (R2 = 0.85) for
the trans-state. The fit is less clear (R2 = 0.65) for the cis-state,
where we also added the results of the wild-type. The resulting
fit parameters for trans (cα = 3.4 ± 0.9, αH0 = 53 ± 6) and cis
(cα = 4.2 ± 2.5, αH0 = 44 ± 6) agree with each other within
their error ranges.
Figure 8 combines these results and correlates the calculated
change in α-helicity ΔαH = αH(cis) − αH(trans) to the
experimentally measured change in affinity ΔKd = Kd(trans) −
Kd(cis). In nice agreement, both simulated ΔαH and
experimental ΔKd show an ascending behavior starting with
S-pep(6,15) via S-pep(6,15)H12F and S-pep(6,10) to S-
pep(7,11) and S-pep(6,13).
It is interesting to connect the above-discussed helicity
changes with the prevailing molecular structures of the S-
peptides. To this end, robust density-based clustering51 (see
Methods) was performed for all systems and the resulting main
conformational states were analyzed in detail (see Figures S4
and S5, Supporting Information). Overall, we find that all S-
peptides can be well described by only four conformational
states, where the dominant state typically occurs with 40−70%
population. Figure 9 shows the resulting main structure of all
S-peptides (the S-protein is not shown for clarity). In line with
the discussion of Figure 6, we find that cis-to-trans photo-
switching has the least impact on the secondary structures of S-
pep(6,15) and S-pep(6,15)H12F, while the most significant
changes are found for S-pep(6,13), which essentially loses its
α-helical conformation. Coloring residues according to their
fluctuations, we find that the structures are well-defined in both
cis and trans and exhibit increased flexibility only at the
terminals. That is, even the apparently disordered regions of S-
pep(6,13) and S-pep(7,11) reveal stable structures.
Figure 6. Time evolution of the S-peptides’ secondary structure in cis
(left) and trans (right) configuration, obtained from all-atom MD
simulations after suitable equilibration (see Methods). α-Helix
content is shown in blue, 310 helix in green. Unstructured parts are
shown in white.
Figure 7. (A) α-Helicity vs experimental Kd in cis-configuration,
together with the wild-type (WT), and fit obtained by eq 1. (B) The
same for the trans-configuration.
Figure 8. (A) Change in α-helicity difference: ΔαH = αH(cis) − αH(trans)
and (B) change in experimental ΔKd = Kd(trans) − Kd(cis), as
determined from CD spectroscopy (Table 1). No experimental data
exist for Kd in the trans-state of S-pep(6,13), which is why no bar is
shown in panel B, but it is clear from Figure 4D that the difference is
large.
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5. DISCUSSION AND CONCLUSION
To facilitate photocontrolling of peptide−protein binding, we
have designed various photoswitchable S-peptides, switching
their helical content, and measured their binding affinities to
the S-protein using a variety of experimental techniques (Table
1). α-Helices are structural motifs that very commonly are
relevant for protein−protein, protein−peptide and protein−
DNA interactions and therefore represent important targets for
modulation of binding affinities. Here, we have introduced a
concept by which the helical content can be modulated in a
very controlled manner. The overall disruption of secondary
structures depends not only upon the distance between anchor
residues of photoswitch but also the exact position of the
photoswitch.
By performing MD simulations of the cis and trans
configurations of the RNase S complex, we were able to relate
simulated α-helicities αH to experimentally obtained binding
affinities Kd, which are in surprisingly good agreement (Figure
8). Using the simple QSAR ansatz of eq 1, we have shown that
the α-helicity is inversely related to the experimental Kd values
(Figures 7). This suggests that relatively short (sub-μs) MD
simulations are indicative of the long-time binding or
dissociation behavior of the RNase S complex. The secondary
structure analysis of the S-peptides in Figure 9) shows a
significant decrease in α-helicity upon cis-to-trans isomerization
for all systems, with the one exception of S-pep(6,15). The
latter is in line with the findings of ref 9 studying the
photoswitching of isolated helical peptides, which revealed that
the (i,i+9) spacing in S-pep(6,15) is the dividing point
between decreasing or increasing the α-helical content upon
cis-to-trans isomerization.
The largest change in α-helicity is found for S-pep(6,13) and
S-pep(7,11) with spacings (i,i+7) and (i,i+4), respectively. The
corresponding structures of the trans configurations in Figure 9
reveal a considerable loss of α-helical conformation. In
particular, S-pep(6,13)-trans adopts a helical conformation
only at its N-terminus, while its C-terminus is completely
disordered. It has been suggested that the N-terminal part of
the S-peptide is unzipping from the S-protein binding groove
due to equilibrium state fluctuations.31 Furthermore, based on
an alanine mutant screening approach,31 it has been shown
that the N-terminus (more precisely residues 1−7) contributes
to binding only to a minor extent. Hence, even though a small
percentage of helicity was preserved in the case of S-pep(6,13)-
trans, no specific binding is observed, since the residual helicity
is located in relatively unimportant part for the binding.
It is interesting to note that the isomerization of the
photoswitch does not lead to a significant increase of peptide
fluctuations. Instead, Figures 9 and S4 (see Supporting
Information) suggest that peptide structures are mostly well-
defined in both the cis and the trans-state and exhibit
fluctuations only at the termini. Especially the parts of the
peptide that lie between the clamping points of the
photoswitch display highly stable structures, even in apparently
disordered states. Furthermore, in the case of S-pep(6,13), the
peptide structure is more stable in the disordered trans state
than in helical cis state, in clear contrast to intuition. This
stabilization of disordered states turns out to be one of the
most interesting outcomes of our photolabeling strategy. In
combination with structural predictions from MD simulations,
it allows a rather distinct manipulation of the peptide structure
depending on the photoswitch attachment points.
We consider S-pep(6,13) the most interesting result in our
series of mutants. First, while no binding could be detected for
S-pep(6,13)-trans via CD spectroscopy (Figure 4D), some
degree of binding is observed by fluorescence quenching
(Figure 5C), illustrating the different aspects of binding to
which the two methods are sensitive. That is, while CD
measures helical content, fluorescence quenching measures
spatial proximity. The difference between CD and fluorescence
data can probably be explained by the fact that binding is
unspecific in this case, i.e., more in the sense of aggregation,
and hence does not induce any α-helical structure. Since we
did not reach a plateau in fluorescence intensity in this case, we
cannot truly quantify the binding affinity, but it is probably in
the mM range. And indeed, such weak binding can typically no
longer be characterized as “specific”, in particular if the binding
partner is a floppy peptide like in the present case.59
Second, the largest effects observed in the literature for
photoswitchable protein−peptide complexes are Kd ratios of
about 20 (ref 35), and the effect is equally large for S-
pep(6,10) and S-pep(7,11). For S-pep(6,13), the ratio is even
larger, i.e., effectively infinite, as no specific binding is
detectable by CD spectroscopy in the trans-state. To the
best of our knowledge, such a big effect has not been achieved
so far for any photoswitchable protein−peptide complex. This
property makes the system particularly interesting for time-
resolved studies, in which the light-driven isomerization of the
photoswitch triggers unbinding of the S-peptide, and the
Figure 9. Most populated structures obtained from a clustering analysis, see text and Supporting Information for details. The S-protein is not
shown for clarity. The residues are colored according to normalized root-mean-square fluctuations.
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structural response of the protein is investigated by, e.g.,
transient IR spectroscopy or transient X-ray scattering
experiments in upcoming free electron lasers.1 Ideally, in
such an experiment, the S-peptide should unbind as quickly as
possible; only then the temporal ordering of unbinding event
vs structural response could be measured, addressing the long-
standing question whether the process can be described as
“conformational selection” or as “induced fit”. However, the
unbinding rate constant koff scales essentially as Kd (since kon is
limited by diffusion and as such essentially a constant), hence
to speed up koff, Kd in one state of the photoswitch should be




The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.9b03222.
Experimental validation of ITC as a method to
determine binding affinities also in the cis-state, amount
of cis prepared by illumination at 370 nm, effect of the
measurement light in CD and fluorescence spectroscopy,
more detailed MD methods, description of the helicity
and contacts of wild-type and labeled systems, as well as
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FIG. S1. (A) Thermal cis-to-trans back-relaxation exemplified for S-pep(6,15); in red for the isolated peptide in solution, and
in blue for S-pep(6,15) bound to the S-protein. (B) Corresponding UV/VIS absorption spectra after 5 min illumination at
370 nm (blue line), preparing predominantly the cis-configuration, and subsequent thermal back-relaxation reestablishes the
trans-band at 367 nm (spectra are recorded every 10 min). On the one hand, the kinetic data of (A) are retrieved from such
a measurement series. On the other hand, the initial amount of cis-configuration (>85%) can be estimated from the ratio of
absorbances at 370 nm (see text).
I. ITC OF S-PEPTIDES IN THE CIS-STATE
For the S-peptides in the cis-state, there has been a concern whether the binding affinity can be determined by
ITC at all. In these experiments, the syringe was constantly illuminated with 370 nm, however, after injection of the
photoswitchable peptide solution into the closed and dark sample cell, illumination was no longer possible and thermal
back-isomerization of the photoswitch from cis-to-trans occurred to a certain extent. First, the time to complete the
ITC measurement was kept as short as possible (45 min), which is in the same range as thermal back-relaxation of
the free S-peptide (between 40-60 min depending on S-peptide variant, see Fig. S1A, red). We however found that
thermal back relaxation is significantly longer once an S-peptide is bound to the S-protein (see Fig. S1A, blue), so the
time that really counts is kon, i.e. the time to bind right after an injection, which is short enough to be unproblematic.
Independent of that issue, thermal back-isomerization releases significant amount of heat, and one might expect
a large background signal in the ITC data. In fact the heat released by back-isomerization1 is about the same as
the heat of binding. However, back-isomerization occurs continuously, in contrast to the binding-associated heat that
occurs abruptly following every injection, and high-pass filtering in the ITC instrument can suppress that background
completely. As a result, the binding affinities could be measured reliably also in the cis-state of the S-peptide, as our
cross-validation with other methods has shown (see main text).
II. ESTIMATE OF THE AMOUNT OF CIS-CONFIGURATION
The cis-configuration is prepared by illuminating the sample with a 370 nm cw diode laser (CrystaLaser). Provided
that the power of the light source is high enough to outperform thermal cis-trans back reaction (a condition which
is safely fullfilled with that light source), this leads to a relatively high content of cis-configuration, since the trans-
configuration has a strong band at this frequency position, while the absorption cross section of the cis-configuration is
small. Fig. S1B (blue) shows an absorption spectrum of the cis-configuration prepared in that way, which then relaxes
back to the trans-configuration. If we assume that the absorption cross section of the cis-configuration is exactly
zero, we can estimate from the ratio of absorbances at 370 nm that the sample contains 85% cis-configuration. Since
the absorption cross section of the cis-configuration is probably not quite zero, that estimate is considered a worst
case scenario, i.e., a lower limit.




FIG. S2. UV absorption spectra of S-pep(6,15) in the trans-configuration before (black) and after (red) measuring the actual
CD data that led to Fig. 4B, and the same for the cis-configuration in blue and green, respectively.
III. AMOUNT OF PHOTOISOMERIZATION DUE TO THE MEASUREMENT LIGHT FOR CD AND
FLUORESCENCE SPECTROSCOPY
The light used to measure either the CD of the protein, or the intrinsic tyrosine fluorescence quenching, will also
excite higher excited states of the azobenzene moiety, and induce its photoisomerization. We carefully checked that
the accumulated intensity of that light during the measurement was low enough so that this effect is negligible. In
case of CD spectroscopy, the corresponding spectrometer could also measure UV absorption spectra of the 370 nm
band of the azobenzene moiety, which is very strong in the trans-configuration and essentially absent in cis. Fig. S2
shows spectra in that spectral range for the trans-configuration before (black) and after (red) measuring the actual
CD data that led to Fig. 4B for S-pep(6,15), while the blue and green lines show the same for the cis-configuration.
In neither case, any significant isomerisation could be detected.
The sample was quickly circulated in a closed circle-flow cell system with a total volume of 700µl for the fluorescence
quenching experiment, and was illuminated with 90 mW of 370 nm light in one cuvette to prepare the cis-configuration,
while the actual fluorescence experiment was performed in a second cuvette and induced with laser pulses at 266 nm
with a pulse energy of 50 pJ at 2.5 kHz. During the course of an experiment (1 min), we estimated that only a tiny
fraction of the molecules in the flow cell system (2·10−6) absorbed a 266 nm photon.





All systems were solvated with ca. 7000-8000 TIP4P-20052 water molecules in a dodecahedron box with an image
distance of 7-8 nm. Na+ and Cl− were added at a salt concentration of 0.1 M with an excess of Cl− to compensate the
net positive charge of the complexes. Force field parameters for the azobenzene switch were taken from Ref. 3. All
bonds involving hydrogen atoms were constrained using the LINCS algorithm,4 allowing for 2 fs time step. Long-range
electrostatic interactions were computed by the Particle Mesh Ewald method,5 whereas the short-range electrostatic
interactions were treated explicitly with a Verlet cutoff scheme. The minimum cutoff distance for electrostatic and
van der Waals interactions was set to 1.4 nm. A temperature of 300 K was maintained via the Bussi thermostat
(aka velocity-rescale algorithm)6 with a coupling time constant of 0.1 ps. A pressure of 1 bar was controlled using
the pressure coupling method of Berendsen7 with a coupling time constant of 0.1 ps. After energy minimization, all
systems were equilibrated for 10 ns using an NPT ensemble. S-pep(6,15) was then simulated for 1 µs in both cis and
trans configuration of photoswitch, S-pep(6,15)H12F for 800 ns in cis and 2 µs in trans configuration. S-pep(6,13),
S-pep(6,10) and S-pep(7,11) were simulated for 400 ns in both configurations.
Principal component analysis on backbone dihedral angles (dPCA+)8 was carried out by diagonalizing the covari-










of input coordinates {'i}. Projecting the MD trajectories onto the
resulting eigenvectors v(i) we define the principal components, Vi = v
i · (' − h'ii), which are naturally ordered in
descending variance of the system. After dimensionality reduction, robust density-based clustering9 was performed by
computing a local free energy estimate for every structure of the trajectory via counting all other structures inside a
d-dimensional hypersphere of fixed radius R, where R equaled the lumping radius.10 Normalization of these population
count yields densities, which give the free energy estimate FR = −kBT ln (PR/P
max
R ) starting at min(FR)= 0.
TransCis
wild type                   S-pep (6,15)           S-pep (6,15) H12F    S-pep(6,13)             S-pep(6,10)              S-pep(7,11)     
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FIG. S3. Top: Probabilities of number of residues in a helical conformation; in black for the cis-state and in red for the
trans-state. Bottom: Probability distribution of the most important contacts of cis-form peptides with S-protein. Note that
the distributions are quite similar to results obtained for the wild-type system.
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FIG. S4. State trajectory (No. of states vs No. of frames), ramacolor plot and representative structures of first four most
populated states of all the considered systems in both cis and trans. The colors of the ramacolor plots are specified in Fig. S5.
FIG. S5. Color space spanned by φ- and ψ-coordinates defined as: red is associated with extended conformations (β, PII)
centered around (-120, 120), green with right-handed helical conformations (αR, 310R centered around (-60,-60), and blue with
left-handed helical conformations (αL, 310L) centered around (60, 60).
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∗ I contributed to the work present in this section with the acquisition and
analysis of the transient infrared data concerning the S-pep(6,13)/S-protein
complex, which are shown in Fig. 5.1, 5.2, and 5.3. The design and realization
of the S-pep(6,13)/S-protein system has been done by Dr. Brankica Janković.
The study of protein-peptide interactions has a crucial role in protein biochem-
istry and biophysics. Understanding the structural and dynamical aspects can give
us insight into a multitude of biological regulation mechanisms. RNase S is a non-
covalent enzyme complex, which is constituted of two subunits: S-peptide and S-
protein [170]. It has to be stressed that neither S-peptide nor S-protein are enzymat-
ically active when one of the two binding partners is missing. Moreover, S-peptide
adopts a disordered and unfolded structure when it is unbound from S-protein,
while S-protein assumes a much more flexible conformation when S-peptide is ab-
sent [74, 171–174]. These characteristics make RNase S a prototype model system to
be investigated in order to elucidate the binding mechanism between S-protein and
S-peptide, whose comprehension is still missing [175–177]. Two limiting binding sce-
narios named “induced fit” and “conformational selection” have been proposed [178]
to describe the S-peptide and S-protein binding mechanism, where the difference be-
tween the two depends on the chronological order of the binding and conformational
change events, i.e. kinetics of binding versus conformational change. Probing the
molecular vibrations of the S-peptide/S-protein adduct via transient infrared (IR)
spectroscopy can shed light on the binding mechanism involved in the formation of
the RNase S complex, providing us with information about the kinetics involved in
the (un)binding process.
In this section, some of the time-resolved data in regards to the RNase S com-
plex are reported. Among the five photoswitchable S-peptide mutants proposed by
Janković et al. [148], S-pep(6,13) is the most interesting variant, due to its capa-
bility to switch on and off the binding affinity towards S-protein, depending on the
isomerization state of the photoswitch. The data were collected as a visible pump
- infrared probe type of experiment (see Methods for details – section A.2 – Tran-
sient Infrared (IR) Spectroscopy), where the visible pump pulse (λpump ≈ 420 nm,
energy per pulse of ≈ 3 µJ, pulse duration ≈ 5 ps) induced the cis to trans photoi-
somerization of S-pep(6,13), while the infrared probe pulse monitored the structural
rearrangements of the overall S-pep(6,13)/S-protein system, tracking the transient
amide I response of it.
The transient infrared data (see Fig. 5.1) reveal several absorption bands in the
spectral window from ≈ 1560 cm−1 to ≈ 1700 cm−1. As described in Methods
(section A.3 – Lifetime Analysis), the maximum entropy inversion of the Laplace
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Figure 5.1: Cis to trans S-pep(6,13)/S-protein pump-probe data. The transient in-
frared spectra have been collected from ≈ 5-10 ps until ≈ 42 µs. The top panel
shows the comparison between the transient infrared spectrum acquired at the
longest pump-probe delay time of ≈ 42 µs (red line) with the cis to trans FTIR
difference spectrum (black line and properly scaled) of the same sample, which rep-
resents de facto the spectrum acquired at infinite time after photoswitching.
transform [200, 201] has been employed to analyse the transient infrared data, ob-
taining the lifetime spectrum in panel (a) of Fig. 5.2. The latter graph provides us
with indications about the complexity of the overall dynamics of the S-pep(6,13)/S-
protein system upon cis to trans peptide photoswitching. In order to have a better
overview of it, the averaged lifetime spectrum a(τj) in panel (b) of Fig. 5.2 has been
calculated, giving us a direct understanding of the timescales involved in the overall
non-equilibrium process. Several peaks have been observed, which are spread over
the whole time window accessible with the pump-probe experiment, starting from a
few ps up to circa 42 µs, which have been highlighted with horizontal black dotted
lines. In details, the seven peaks have the maximum at ≈ 13 ps, 130 ps, 1.3 ns,
20 ns, 250 ns, 2.5 µs and 20 µs, where the one at ≈ 20 ns is the most intense among
all of them, and it is mainly due to the band at ≈ 1628 cm−1 (see Fig. 5.3). More-
over, from the comparison of the transient infrared spectrum acquired at the longest
pump-probe delay time of ≈ 42 µs (red line) with the properly scaled cis to trans
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FTIR difference spectrum (black line) in the top graph of Fig. 5.1, we can conclude
that the S-pep(6,13)/S-protein system undergoes significant structural rearrange-
ments within 42 µs. However, from the discrepancy between the red and black lines,
it seems that the overall non-equilibrium process is not completely finished within
this time scale.












Figure 5.2: Cis to trans S-pep(6,13)/S-protein lifetime analysis. (a) Lifetime spec-
trum a(ωi, τj) (see Methods for details, section A.3 – Lifetime Analysis – Eq. A.1) of
the cis to trans S-pep(6,13)/S-protein pump-probe data in Fig. 5.1. Red colours in-
dicate positive amplitudes a(ωi, τj), while blue colours negative amplitudes a(ωi, τj).
(b) Averaged lifetime spectrum a(τj); the 2D information present in panel (a) has
been averaged in an absolute sense over the probe frequency axis ωi and squeezed
in a 1D plot (see Eq. A.5). The horizontal black dotted lines connecting the lifetime
spectrum a(ωi, τj) in panel (a) with the corresponding average lifetime spectrum
a(τj) in panel (b) highlight the discretization of time scales in regards to the overall
non-equilibrium dynamics of the S-pep(6,13)/S-protein system upon cis to trans
S-pep(6,13) photoswitching.
photoswitching reveals a discrete non-equilibrium dynamics of the system, where
several maxima appear from the lifetime analysis in panel (b) of Fig. 5.2, highlight-
ing in this way the time scale separation of the overall non-equilibrium process from
≈ 5-10 ps until ≈ 42 µs. This discrete set of time scales has been highlighted em-
ploying horizontal black dotted lines in Fig. 5.2, connecting the maxima observed in
the average lifetime spectrum in panel (b) with the lifetime spectrum in panel (a).
It has to be stressed that at this stage, the non-equilibrium dynamics of the system
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observed in Fig. 5.2 can be assigned neither to S-pep(6,13) nor to S-protein, due to
the highly convoluted nature of the overall amide I response of the RNase S adduct,
which cannot be easily disentangled. In order to separate and assign the various
contributions, isotope labeling strategy is needed [46–50] as employed in the PDZ2
domain case (see chapter 4 for details). Furthermore, it would be helpful to know
the timescale of the cis to trans unbinding event of S-pep(6,13) from S-protein in
order to understand if the structural rearrangements observed up to ≈ 42 µs (see
























Figure 5.3: S-pep(6,13)/S-protein transient kinetic trace at ≈ 1628 cm−1. The ex-
perimental data are shown as black dots, the fit S(ωi, t) (see Methods for details,
section A.3 – Lifetime Analysis – Eq. A.1) as red lines, and the amplitudes a(ωi, τj)
of the lifetime spectrum in Fig. 5.2 at this probe frequency as blue lines. It is evident
from the experimental data that the main change of the transient infrared signal at
≈ 1628 cm−1 happens on a timescale of ≈ 20 ns, where the amplitudes a(ωi, τj) are
the biggest. This band contributes to a great extent to the overall non-equiibrium
dynamics of the S-pep(6,13)/S-protein complex upon cis to trans S-pep(6,13) pho-





Molecular spectroscopy, i.e. the study of light-matter interactions, allows us to
excite specific transitions in a selective manner, which can be e.g. vibrational or
electronic transitions if an IR or UV-VIS pulse is employed, respectively. This
approach enables us to gain information about the molecular system under inves-
tigation from specific perspectives, like in the cases of the azidohomoalanine (Aha)
mutants and of the non-equilibrium protein response upon peptide photoswitching
concerning the PDZ2 domain system, as described in chapters 2, 3, and 4 of this
thesis. Regarding the azobenzene photoswitch involved in both PDZ2 domain and
RNase S complex, the use of a UV-VIS pulse allows the system to overcome the ac-
tivation energies (Ea) for the cis to trans and trans to cis isomerization processes,
which are circa 30 and 50 times bigger than the thermal energy available at room
temperature, respectively (Ea(cis→trans) ≈ 74-78 kJ/mol [141], Ea(trans→cis) ≈ 125
kJ/mol, kBT298K ≈ 2.5 kJ/mol). The photoinduced isomerization events for both
photoswitching directions are fully reversible and happen on a ps timescale, allowing
reactions otherwise inaccessible by thermal processes, which can be followed in an
ultrafast time-resolved manner.
In this thesis, the study of a PDZ2 domain system has been presented, where the
site-specific infrared label azidohomoalanine [35, 36, 99–103] has been exploited as a
local infrared reporter for the PDZ2 domain chemical environment by the use of 2D-
IR spectroscopy [35, 101], and a non-equilibrium allosteric transition of the PDZ2
domain has been investigated, employing TRIR spectroscopy together with isotope
labeling strategy [46–50]. As a starting point, Aha has been inserted in six different
positions (one at the time) within the protein structure to verify if the structural
changes between the apo and holo states of the PDZ2 domain (with ligand unbound
and bound, respectively) could have been sensed by Aha to obtain site-specific in-
formation about the overall apo/holo process (see chapter 2 for details) [101]. The
ligand binding process has been mimicked (it has been confirmed by NMR spec-
troscopy) by photoisomerization of an azobenzene moiety covalently linked to the
binding groove of the PDZ2 domain, where the cis and trans configurations of the
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photoswitch [131, 141, 143] mimicked the apo and holo states of the PDZ2 domain
[145]. Interestingly, one of the six Aha mutants showed a remarkable 2D-IR differ-
ence signal upon photoswitching, where a surprising and uncommon result has been
observed, namely an intensity change of the Aha absorption band without any signif-
icant frequency shift of it. Subsequently, another Aha-mutated version of the same
PDZ2 domain without any photoswitch present within its structure (the K38Aha
mutant) has been exploited to investigate the protein-ligand recognition event in
a minimally invasive manner, where two different peptide-ligands have been em-
ployed, observing small but reproducible Aha vibrational shifts of circa 1-3 cm−1
upon protein-peptide binding (see chapter 3 for details) [35]. One of the two peptide
versions has been designed in such a way that its binding affinity towards the PDZ2
domain changes upon photoisomerization of an azobenzene moiety covalently linked
to it. The experimental evidence that the ligand recognition event or the change of
the ligand binding affinity (e.g. by phosphorylation) in PDZ domains influences the
side-chain fluctuation dynamics of the protein, which is known to be related with
the allosteric response of PDZ domains [59–65], suggests an excellent candidate to
study the PDZ2 domain structural rearrangements associated to the ligand binding
process in an ultrafast time-resolved manner. Hence, the photoswitchable peptide
has been employed as a phototrigger to promote a non-equilibrium allosteric tran-
sition of the PDZ2 domain as a consequence of the different binding affinities of
the ligand in the cis and trans states (KD difference of circa 5 fold). Structural
fluctuation dynamics of several PDZ domains have been already investigated by
NMR spectroscopy [59–61, 63–65, 205], however with regards to equilibrium relax-
ation dynamics [66, 67] and not to non-equilibrium dynamics, where an intrinsically
higher time resolution, which is provided by the use of IR spectroscopy, is needed
[145, 146]. In order to isolate the TRIR response of the PDZ2 domain from the one
of the photoswitchable peptide, an isotope labeled (13C15N) PDZ2 domain version
has been expressed and employed for this purpose. The protein response has been
investigated under two photoswitching approaches, where the cis to trans and trans
to cis light-induced peptide isomerizations have been promoted (see chapter 4 for
details). In short, two almost identical samples have been used, which differ only
for the presence of a heavier (13C15N) PDZ2 domain isotopologue in one case, while
the photoswitchable peptide has the naturally abundant (12C14N) isotopic compo-
sition in both cases, and it is bound to the protein. As a result of the isotope
labeling effect [46–50], the amide I band of the protein has been red-shifted, while
the amide I band of the photoswitchable peptide has not been altered, allowing us
for the isolation of the PDZ2 domain response upon peptide photoswitching. It
has to be stressed that this perturbative approach does not involve any chemical
modification of the PDZ2 domain, but rather it concerns only the ligand, which is
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responsible for promoting the allosteric transition of the PDZ2 domain. From the
transient infrared data, it emerges that the non-equilibrium response of the PDZ2
domain is not symmetric, namely it follows different evolution pathways when the
trans to cis and cis to trans photoisomerizations are promoted. Moreover from
the lifetime analysis, a small number of discrete time scales have been observed for
both photoswitching approaches, emphasizing the time scale separation involved in
the overall non-equilibrium allosteric transition of the PDZ2 domain. These experi-
mental observations can be interpreted with a Markov state model [183–188], where
the relative populations of the Markov states, which represent the PDZ2 domain
structural ensemble, are different in the two cases.
In parallel, another biological system has been investigated with the intent to
modulate by the light reversibly, the binding affinity between the two subunits
(S-protein and S-peptide) which constitute the adduct ribonuclease S (RNase S)
[74, 75, 175, 176, 179, 202]. Five photoswitchable S-peptide variants have been de-
signed and synthesized, where the binding affinity modulation has a different extent
in each case, regarding the trans or cis isomerization state of the photoswitch. In the
specific case of S-pep(6,13), this binding affinity modulation is maximal; in the cis
configuration, S-pep(6,13) has a dissociation constant (KD) value of ≈ 70-130 µM,
while for the trans form, non-specific binding has been observed (see chapter 5 for
details) [148, 203, 204]. The experimental KD values obtained for the five pho-
toswitchable S-peptide variants correlate well with their amount of α-helicity, as
predicted by molecular dynamics (MD) simulations. Moreover, the S-protein/S-
pep(6,13) model system opens new scenarios towards novel time-resolved unbinding
experiments, where a big KD value is needed to speed up the unbinding event. For
example, considering the values for the wild type S-peptide from the paper of Bach-
mann et al. [175], with a KD value of 0.28 µM and a kinetic association constant
(kon) value of 4.4×10
5 M−1s−1, the calculated kinetic dissociation constant (koff ) is
0.12 s−1 with a half-life (t1/2) for a first order kinetic reaction of 5.7 s. In principle,
considering a hypothetical KD value of 1 mM and assuming the same kon value as
before, the calculated koff is 4.4×10
2 s−1 with a t1/2 of 1.6 ms, which results in a
faster unbinding process than in the previous case. While a reasonable koff estimate
can be calculated for the cis configuration of S-pep(6,13), once both KD and kon
for the cis state are known (koff = KD * kon), the same is not doable for the trans
isomerization state of S-pep(6,13). The reason behind it is that S-pep(6,13) binds
in a specific manner, i.e. it binds to the binding groove of S-protein only in the cis
configuration, while in the trans isomerization state the binding is non-specific [148,
203, 204], namely it binds to a multitude of distinct sites of S-protein and neither
KD nor kon values are representative of the S-pep(6,13) binding event on the binding
groove of S-protein. Nevertheless, one way to determine the koff value for the trans
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isomerization state of S-pep(6,13) from the binding pocket of S-protein is via tran-
sient fluorescence spectroscopy, preparing the RNase S complex with S-pep(6,13) in
the cis isomerization state, and instantaneously switch the latter to the trans config-
uration, employing an actinic pump pulse. In this way, the time scale for the desired
unbinding event could be obtained experimentally, due to the different fluorescence
quenching in the cis and trans cases, where the overall fluorescence emission of the
six tyrosine (Y) residues of S-protein is affected by the proximity of S-pep(6,13)
to it [148, 206, 207]. Once the experimental koff is known, the unbinding event
could be detected from the perspective of the structural changes associated to it for
both constituents of the RNase S adduct, S-protein and S-pep(6,13). The transient
infrared data, which have been shown in section 5.1, represent the overall amide I
non-equilibrium response of the naturally abundant (12C14N) S-protein/S-pep(6,13)
complex upon cis to trans S-pep(6,13) photoswitching. From the experimental data
and the lifetime analysis, it emerges that, also for the RNase S complex as well
as for the PDZ2 domain case, a discrete number of time scales are characteristic
of the non-equilibrium response of the system under investigation, where the most
significant structural changes of it happen on a time scale of circa 20 ns. The com-
bination of TRIR spectroscopy with isotope labeling strategy [46–49] could clarify
the structural rearrangements of the system before and after the unbinding event
by a comparison among time scales, elucidating in this way the binding mechanism
involved in the formation/dissociation of the RNase S complex, namely if it can be
classified as an induced fit or a conformational selection type of mechanism [178].
Having available both naturally abundant (12C14N) and heavier (13C15N) isotopo-
logues for either S-protein and S-pep(6,13) variant, the TRIR response in the amide
I spectral region could be disentangled for both subunits, isolating in this way the
responses of S-protein and S-pep(6,13) in the RNase S complex upon S-pep(6,13)
photoswitching.
In addition to this challenging outlook proposed for the RNase S complex, an-
other model system is now presented: a photocontrollable PDZ3 domain. From a
structural point of view, the main difference with the previously described PDZ2
domain is the presence of an additional third α-helix (α3) in the structure of the
PDZ3 domain, which lies far away from the binding groove of the protein [65, 195,
208–211]. This PDZ3 domain is part of the multidomain complex postsynaptic den-
sity protein 95 (PSD-95), which is a member of the membrane-associated guanylate
kinase (MAGUKs) family, i.e. a class of multidomain proteins of paramount im-
portance in science for their involvement in cell signaling [57, 86]. There are several
lines of evidence showing that the modification of this extra α3-helix, by phosphory-
lation or by its removal, significantly alters the binding affinity of the PDZ3 domain
towards the recognition sequence of the C-terminal peptide-ligand, which binding
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to the protein induces a dynamic allosteric effect in the PDZ3 domain [208, 211].
The fascinating idea is to attach the photoswitch to the α3-helix, in order to pho-
tocontrol the α-helical folding/unfolding of it reversibly, and to observe how the
ligand binding event is affected by photoswitching. The presence of an allosteric
network between the α3-helix and the binding groove of the PDZ3 domain should
reflect in a change of the peptide-ligand binding affinity. However, if the effect of
photoswitching the α3-helix on the change of the binding affinity is tiny and not
easily detectable employing common experimental methods for KD determination
like isothermal titration calorimetry (ITC), tryptophan (W) and/or tyrosine (Y)
fluorescence quenching, etc. [148], the allosteric effect could be observed from the
point of view of the photoswitch, monitoring the changes of its cis to trans thermal
relaxation kinetics upon ligand binding. If there is a correlation between the struc-
ture of the α3-helix and its fluctuation dynamics with the binding of the ligand,
the photoswitch should sense a different strain upon ligand binding, which would
affect its thermal relaxation kinetics. It has to be stressed that the latter approach
is more sensitive than employing binding affinity determination methods, due to
the exponential dependence of the thermal relaxation kinetic from the activation
energy (Ea). In other words, tiny changes of Ea provoke significant changes in the
thermal relaxation kinetic of the photoswitch, which can be easily observed experi-
mentally. Moreover, TRIR spectroscopy experiments could be performed, triggering
the α3-helix disruption or folding in order to investigate the protein structural re-
arrangements associated with it, in an ultrafast time-resolved manner. Hence, the
above experiments could shed light on the allosteric network between the α3-helix
and the binding groove of the PDZ3 domain, getting insight into the time scales




A.1 Determination of the Binding Affinities
The isothermal titration calorimetry (ITC) measurements were performed using a
MicroCal ITC200 (Malvern, UK), with the same stock solutions of the photoswitch-
able peptide-ligand and of the PDZ2 domain for the trans and cis ITC experiments,
and under exactly the same experimental conditions, in order to obtain mutually
comparable dissociation constants (KD) values. The experiments were done in trip-
licate to ensure the reproducibility of the data. The sample cell was loaded with
250 µl of 80 µM PDZ2 domain solution and the syringe was loaded with 40 µl of
800 µM photoswitchable peptide-ligand solution. For the trans measurement, the
system was kept in the dark for the duration of the whole experiment, while for the
cis measurement the syringe was constantly illuminated employing a 370 nm cw
laser (CrystaLaser, power ≈ 90 mW) [148], obtaining the thermograms in Fig. 4.2.
In addition, circular dichroism (CD) spectroscopy and intrinsic tryptophan (W)
fluorescence quenching were used as alternative methods to determine the binding
affinities of the trans and cis states. Both spectroscopic signals showed a change
upon the formation of the protein-ligand complex, which was proportional to the
amount of complex formed in solution. This signal change was used to obtain the
binding affinity curves, which were fit assuming a bimolecular equilibrium to obtain
the dissociation constants (KD) values. Circular dichroism (CD) measurements were
performed using a Jasco (Easton, MD) model J810 spectropolarimeter in a 0.1 cm
quartz cuvette and intrinsic tryptophan (W) fluorescence quenching employing a
PelkinElmer spectrofluorimeter as described by Janković et al. [148]. In either case,
the protein concentration was kept constant at 5 µM, while the peptide concentra-
tion was varied. The results obtained from circular dichroism (CD) and intrinsic
tryptophan (W) fluorescence quenching spectroscopies are showed in Fig. 4.3, while
Tab. 4.1 compares the dissociation constants (KD) values obtained from all different
methods.
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A.2 Transient Infrared (IR) Spectroscopy
The transient infrared (IR) spectra reported in Fig. 4.4 and 5.1, were collected as a
VIS-pump-IR-probe type of experiment, employing two electronically synchronized
femtosecond Ti:Sapphire laser systems [212] running at 2.5 kHz. Mid-IR probe
pulses centered at ≈ 1630 cm−1, with a duration of ≈ 100 fs and a beam diameter
on the sample of ≈ 150 µm, were obtained employing a home-made optical paramet-
ric amplifier (OPA) [213]. The probe pulses were dispersed through a spectrograph
and detected employing a 2×64 MCT array detector with a spectral resolution
of ≈ 2 cm−1 per pixel. The pump pulses had a beam diameter on the sample of
≈ 180 µm and their wavelength was tuned to obtain 420 and 380 nm radiation via
second harmonic generation in a BBO crystal to promote the cis to trans and trans
to cis photoisomerizations of the photoswitchable peptide-ligands, respectively. It
has to be stressed that the experimental conditions employed to collect the transient
IR spectra in Fig. 4.4 and 5.1 were different. In the case of the PDZ2 domain in
Fig. 4.4, the pump pulses were stretched to circa 200 ps, bypassing the compression
stage in the regenerative amplifier to minimize the sample degradation during the
transient infrared experiments. The energies per pulse employed in this case were
circa 2.1 and 1.3 µJ for the trans to cis and cis to trans photoswitching experiments,
respectively. It has to be underlined that to acquire the transient IR spectra, the
peak power of the pump pulses was decreased considerably, avoiding in this way ag-
gregation and disruption of the sample at the expense of a lower experimental time
resolution. The sample concentrations were set ≈ 1.25 mM for the photoswitchable
peptide-ligand and ≈ 1.5 mM for the PDZ2 domain. In these conditions, together
with the KD values of ≈ 2.0 µM and ≈ 9.6 µM for the trans and cis states, the pho-
toswitchable peptide-ligand is essentially bound to the PDZ2 domain in both trans
and cis configurations (fraction bound > 95% in both cases). The samples were
dialyzed against 50 mM borate, 150 mM NaCl buffer at pH = 8.5, lyophilized, then
resuspended and incubated in D2O overnight at room temperature, lyophilized and
resuspended in D2O again before collecting the transient IR measurements, elim-
inating in this way the H/D exchange during the experiments. The pump-probe
spectra were acquired up to the maximum delay time of ≈ 42 µs with a time resolu-
tion of ≈ 200 ps, employing the normalisation for the noise suppression as described
by Feng et .al [214]. In the case of the S-pep(6,13)/S-protein complex in Fig. 5.1
the transient IR data were collected from ≈ 5-10 ps until ≈ 42 µs pump-probe de-
lay times with a time resolution of ≈ 5 ps in this case. The pump pulses (λpump
≈ 420 nm) were stretched to ≈ 5 ps to minimize the sample degradation during
the cis to trans S-pep(6,13) photoswitching experiment, employing an energy per
pulse of ≈ 3 µJ. The concentrations of S-protein and of S-pep(6,13) in the sample
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were set ≈ 1.25 mM and ≈ 1.5 mM, respectively. In these conditions, the amount
of S-pep(6,13) bound to S-protein in the cis configuration is ≈ 72 %, taking into
account an experimental KD value of ≈ 70 µM for the cis configuration, while it
is not determined for the trans isomerization state, due to the non-specific binding
of S-pep(6,13) in this case [148, 203, 204]. The buffer used for the S-pep(6,13)/S-
protein complex was 50 mM sodium phosphate at pH = 7.0, employing the same
procedure as before to eliminate the H/D exchange during the transient IR experi-
ments. All the samples were circulated (≈ 700 µL) using a peristaltic pump purged
with N2, a reservoir, and a flow-cell mounted with a Teflon spacer of ≈ 50 µm
thickness at a flow rate of ≈ 1 mL per minute. The flow speed in the sample cell
was optimized to minimize the loss of sample at the longest pump-probe delay time
(≈ 42 µs) and to exchange the sample completely for the subsequent laser shot after
400 µs at the same time.
For the trans to cis photoswitching experiment, the thermal cis to trans relax-
ation was exploited to ensure that the transient IR signal was representative of the
trans to cis photoswiching direction. In other words, comparing the thermal cis to
trans relaxation rate (half-life (t1/2) circa 19 min for the photoswitchable peptide-
ligand in the PDZ2 domain case) with the isomerization probability induced by the
380 nm pump light (given by light power, total sample volume, molar extinction
coefficient [131], and isomerization quantum yield [141]), the estimate of the pho-
toequilibrium position in the total sample volume was 70%/30% trans/cis during
the measurement. Moreover, the absorption cross section at 380 nm of the azoben-
zene moiety in the trans configuration is ≈ 20 times bigger than that of the cis
isomer [131], meaning that > 97% of the molecules in the trans to cis experiment
undergo the desired isomerisation direction. For the cis to trans photoswitching ex-
periments, the samples were illuminated with an excess of light in a reservoir using
a cw laser (λemission ≈ 370 nm, power ≈ 150 mW, CrystaLaser) in order to promote
the inverse trans to cis photoisomerization, estimating in this case that > 80% of




In essence, the transient infrared data S(ωi, t) in Fig. 4.4 and Fig. 5.1 were fitted in
the time domain (t) with the following multiexponential function:





where the index i refers to the kinetic trace at the probe frequency ωi, and j to the
time constant τj. The time constants were fixed and distributed on a logarithmic
scale with ten terms per decade, while the amplitudes a(ωi, τj) were set as the free
fitting parameters. Inversion of Eq. A.1 is an ill-posed problem, in other words, let
y and x be L2 space functions, and K a continuous linear operator between them,
where:
y = Kx (A.2)
The direct problem is to compute y given x, while the inverse problem is to compute
x given the experimental data y. The inverse problem is well-posed when the solution
exists, it is unique, and it is stable (it depends continuously from the data y) [215].
If one of the above conditions is not satisfied, the problem is ill-posed [216, 217].
Therefore, it is necessary to incorporate additional information about the desired
solution to stabilize the problem and to avoid ill-posedness; regularization procedures
have been introduced to single out a useful and stable solution [218]. Most probably,
the best-known regularization mechanism is the one of Tikhonov [219], which selects
the solution xλ which solves the minimization problem
min
x
{ ‖(Kx− y)‖22 + λ
2 ‖x‖22 } (A.3)
where ‖ . ‖2 is the Euclidean norm, and λ is a parameter which controls the relative
weight of ‖x‖2 on the residual ‖(Kx− y)‖2 in the overall minimization procedure.
The regularization term, ‖x‖2 in the Tikhonov case, is referred sometimes as the
“smoothing term” or as the “penalty function”, which has the role in adding con-
straints to the minimization procedure in order to obtain a stable solution as close
as possible to the most representative one from the experimental data.
The maximum entropy method (MEM) [220, 221] is another regularization tech-
nique which has the advantage to allow us to obtain information with the least bi-
ased estimation possible from the experimental data [222, 223]. In other words, the
penalty function in the MEM is the Shannon entropy [224, 225] S(p) = −
∑
p log p,
where the chosen solution xλ is the one which solves the minimization problem
min
x
{ ‖(Kx− y)‖22 + 2λ
∑
i
xi log xi} (A.4)
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The choice of the Shannon entropy as the penalty function and the logarithmic
nature of it implies that the solution must have non-negative values and that the
latter has not a linear dependency with the observation vector y. The positivity
and non-linearity of the MEM confer benefits in several applications like astronomy
[226], NMR [227] and time-resolved spectroscopy [200, 201, 228], which are worth
the computational cost of the MEM. The algorithm employed to obtain the lifetime
spectra in panels (a, c) of Fig. 4.6, and in panel (a) of Fig. 5.2 took into account the
possibility to have both positive and negative amplitudes a(ωi, τj) in Eq. A.1, see Ref.
[200] and Ref. [229] for details. The averaged lifetime spectra a(τj) in panels (b, d)








where n represents the total number of probe frequencies ωi which are present in
the corresponding lifetime spectra, and a(ωi, τj) are the free fitting parameter in
Eq. A.1 employed with the maximum entropy method (MEM).
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A.4 The 2D-IR Spectrometer in the Box-CARS
Geometry
∗ I contributed to the work present in this section with the improvement of the
existing 2D-IR spectrometer in the box-CARS geometry (see Fig. A.1) [31, 35,
101–103, 230] by exact-quasi-phase-cycling scattering suppression as described
by Bloem et al. [231] implemented at the repetition rate of ≈ 5.13 kHz, and
by polarization control of the pump excitation [232], designing and employing
the “special mask” described in Fig. A.2. Moreover, a novel method has been
proposed to suppress to a great extent the D2O absorption background from
the azidohomoalanine (Aha) absorption signal (see subsection A.4.1 – Pump-
Induced Linear Dichroism Spectra, Fig. A.4, Fig. A.7 and Tab. A.2 for details),
which is possible using a static cell with only ≈ 0.5 µL of ≈ 1.2 mM of Aha
sample solution, without acquiring and subtracting the 2D-IR spectrum of the
buffer alone.
Despite the complexity of the 2D-IR spectrometer in the box-CARS geometry and
its specificity towards azidohomoalanine (Aha) related issues, several PhD students
and Post Docs including Robbert Bloem, Klemens Lucas Koziol, Dr. Philip J. M.
Johnson and I spent time and effort for its realization and implementation. Here, its
latest version to date (May 2019) has been presented in detail as a hint for people
who would like to use it thoroughly and understand its full potential.
As a source of mid-IR pulses, the output from a home-built optical parametric
amplifier (OPA) [213] was used (pulse duration FWHM ≈ 100 fs, energy per pulse
≈ 3 µJ, pulse spectrum centered at ≈ 4.74 µm, laser repetition rate ≈ 5.13 kHz).
A curved mirror (f = 315 mm) was employed to collimate the outgoing p-polarized
mid-IR beam from the OPA, which was then spatially overlapped with a s-polarized
continuous wave (cw) HeNe laser (λ = 632.8 nm, 05-LHP-151, Melles Griot, USA)
by the use of a germanium plate set at the Brewster angle [233]. The co-propagating
beams were split into three equally intense parts by custom-made BaF2 beam split-
ters (Laseroptik) to generate the beams 1, 2, and 3. A small reflection of beam
3 taken from a CaF2 window was used to generate the local oscillator (LO), and
a small fraction of it was employed to monitor the quality of the mid-IR source
with the help of a single-pixel MCT detector (Infrared Associates, USA) while mea-
suring the 2D-IR spectra. Two voice coil stages (Equipment Solutions, USA) on
the beam paths 1 and 2 were used for fast mechanical scanning of the coherence
time delay t1 which was scanned from -3.06 ps to 3.06 ps in a continuous man-
ner, at a rate which almost sample at the Nyquist frequency of the mid-IR field
[234]. Due to the diverse wavevector dependence of the rephasing (RE) and non-
99



































Figure A.1: 2D-IR experimental setup. HeNe, HeNe cw laser (λ = 632.8 nm, 05-
LHP-151, Melles Griot, USA); CM, curved mirror (f = 315 mm); Ge, germanium
plate set at the Brewster angle; Ch, optical chopper (used only to set the two
phase modulators PEM and Wob for the exact-quasi-phase-cycling sequence and
not while measuring the 2D-IR spectra); LO, local oscillator; BS1-BS2, custom
made BaF2 beam splitters (R:T, BS1 = 33:67, BS2 = 50:50); SP MCT, single
pixel mercury cadmium telluride detector; PzM, piezo-mounted mirror; PEM, photo
elastic modulator; ZnSe, ZnSe windows at the Brewster angle; M1-M2-M3-MLO,
mirrors of the beams 1-2-3 and local oscillator; CL1-CL2, cylindrical lenses; PAD-t1-
PAD-t3, photodiode array detectors for HeNe interference tracking of the coherence
times t1 and t3; Wob, wobbling ZnSe window device at the Brewster angle; Mask,
special mask equipped with three λ/2 waveplates, two servos and a polarizer as
described in Fig. A.2 ; OAPM1-OAPM2, off-axis parabolic mirrors (f = 101.6 mm);
32x2 MCT, 2x32 pixels mercury cadmium telluride array detector.
rephasing (NR) contributions to the 2D-IR signal which are emitted in different
directions in the box-CARS geometry experiment (k2DIR = ∓k1 ± k2 + k3, where
kRE = −k1 + k2 + k3 and kNR = +k1 − k2 + k3) [235], the RE and NR interfero-
grams were acquired independently, scanning the voice coil stages in turns. The
exchange of the time ordering between the first two pulses (beams 1 and 2) allowed
the use of the same detection scheme for both RE (t1> 0) and NR (t1< 0) data
collections. Two ZnSe windows set at the Brewster angle were employed to split the
reflected s-polarized HeNe from the transmitted p-polarized mid-IR beams. After
focusing the two couples of reflected beams (1-2 and 3-LO) on two cylindrical lenses,
the HeNe fringes were generated. The interference patterns were then tracked using
two photodiode array detectors (Hamamatsu) for different purposes. The interfer-
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ence between the beams 1 and 2 set the coherence time t1, which ensured the binning
of the photon echo interferograms with a time resolution of ≈ 2.11 fs (HeNe wave
period). The one between the beams 3 and LO set instead the coherence time t3,
which was kept fixed (within half of the HeNe wave period) for phase stabilization
[236]. The latter was performed by a feedback controlled piezo mirror mounted on
the beam path 3, which was actively controlled using the t3 coherence time photo-
diode array detector (PAD-t3 in Fig. A.1). The combination of two synchronized
phase modulators, a photoelastic modulator (Hinds Instruments, USA) on the beam
path 1-2 and a wobbling Brewster ZnSe window device (Electro-Optical Products
Corp., USA) on the beam path 3, ensured the complete scattering suppression via
exact-quasi-phase-cycling (see Tab. A.1), which was implemented at the repetition
rate of ≈ 5.13 kHz, while the original implementation of Bloem et al. [231] was per-
formed at ≈ 1 kHz. An additional ZnSe window of the same dimensions as the one
mounted on the wobbling device (15 x 10 x 3 mm) was added to the beam path 3 at
minus the Brewster angle to restore the box-CARS geometry of the 2D-IR experi-
ment (see Fig. A.1). Then, a special mask was introduced (see Fig. A.2 for a detailed
representation), where the polarizations of the beams 1 and 2 were controlled with
the help of two λ/2 waveplates (B. Halle, 4.75 µm) connected independently to two
servos (Spektrum A5040 Digital-Servo). Thanks to the box-CARS geometry of the
experiment, the intensity of the local oscillator could be adjusted apart from the
ones of the other three beams, using the combination of a λ/2 waveplate (B. Halle,
4.75 µm) followed by a BaF2 holographic wire grid polarizer (WP25H-B, Thorlabs).
After the mask, the beams 1, 2, 3, and LO were focused on the sample employing an
off-axis parabolic mirror (f = 101.6 mm). The emitted 2D-IR signal was dispersed
on a 150 groove/mm grating blazed at 4 µm (HORIBA Scientific, France) and de-
tected using a 2x32 pixels MCT array detector (Infrared Associates, USA).
To acquire the pump-induced linear dichroism spectra (see paragraph A.4.1),
the polarizations of the beams 1 and 2 were set to be both s- or p-polarized, while
the ones of the beams 3 and LO were kept fixed p- and s-polarized, respectively.
For isotropic symmetry samples in these conditions, the polarization of the emitted
2D-IR signal is p-polarized [232], which is compatible with the balanced heterodyne
detection scheme proposed by Hamm and Zanni [237], where a polarizer is placed
at 45◦ respect to both the s-polarizad LO and the p-polarized 2D-IR signal.
To set the spatial and the temporal overlap among the four pulses, a 10 µm
pinhole was placed at the sample position and employed as a scattering source. The
temporal interferograms of the scattered beams 1-2 and 3-LO, were used to find
the time zero and to minimize the phase difference ∆φ1,2 - ∆φ3,LO between the two
pairs of pulses as described by Backus et al. [238]. The 2D-IR spectra for the
two different pump excitations (beams 1-2 both p- or s-polarized, parallel ‖ and
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Figure A.2: Schematic drawing of the special mask with three λ/2 waveplates (B.
Halle, 4.75 µm), two servos (Spektrum A5040 Digital-Servo) and a BaF2 holographic
wire grid polarizer (WP25H-B, Thorlabs) mounted on it. Each of the two servos
is connected to a λ/2 waveplates, and both are controlled independently to set the
beam 1 and 2 polarizations to be both s- or p-polarized for the different 2D-IR
experiments, while the beam 3 is always p-polarized. The intensity of the local
oscillator can be adjusted with the combination of a λ/2 waveplate, followed by a
polarizer. The polarization of the local oscillator is set to be s-polarized for the
balanced heterodyne detection scheme.
perpendicular ⊥ data acquisitions, respectively) were then phased independently
employing the method proposed by Johnson et al. [230] where the phase offset
introduced by the D2O background was extracted directly from the experimental
data, compensating for it. The ‖ and ⊥ pump-excited spectra were acquired quasi-
simultaneously, switching the polarizations of the beams 1 and 2 stepwise from both
p- to s-polarized in a synchronized manner with the help of the two servos. The
switching time step was set by a feedback loop coming from the acquisition card
(NI6225 National Instruments, USA) based on an oversampling binning condition of
the acquired interferograms, which had to be fulfilled (≈ 7-8 bins per mid-IR fringe
at 2110 cm−1). The servos were switched every circa 5-10 seconds using the Micro
Maestro 6-Channel USB Servo Controller (Pololu, USA) which could be easily con-
trolled by LabVIEW.
To set the exact sequence for the complete scattering suppression (see Tab. A.1),
the two phase modulators (PEM for the beams 1-2 and Wobbler for the beam 3)
had to be set independently in a synchronized manner over four consecutive laser
shots. The only beam available which was not affected by any phase modulation
was the LO and it was exploited together with a 10 µm pinhole placed at the sample
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Table A.1: Exact-quasi-phase-cycling sequence as described by Bloem et al. [231]
for complete scattering suppression. Two phase modulators, a photo elastic modu-
lator (PEM) and a wobbling Brewster ZnSe window device (Wobbler) were used to
modulate on a shot-to-shot basis the phases of the beams 1-2 and 3, respectively.
As a result of it, the 2D-IR signals (E2DIR) after the 1st and 3rd shot modulations
have the same sign but opposite respect to the case after the 2nd and the 4th shot
modulations.
Laser shot
1 2 3 4
φ∗1,2 (PEM) π
∗ π∗ 0 0











∗ 3π∗ 0 −π∗
E2DIR ∝ cos(ωt+ φE
∗
2DIR) + − + −
position as a source of scattering to promote the interference with the other scat-
tered beams. Due to the fact that the intensity of the LO was much smaller than
the ones of the other three beams (≈ 1%) the help of a chopper (MC2000B optical
chopper mounted with MC2F57B chopper blade, Thorlabs) on the LO beam path
was needed to remove the big static background contribution of the beams 1, 2 or
3 to the interference pattern with the LO. Acting in this way, the relative phase
differences among the beams 1, 2 and 3 could be set correctly. It has to be stressed
that the chopper was used only to set the two phase modulators properly to achieve
the exact-quasi-phase-cycling sequence [231] (see Tab. A.1) and not while measuring
the 2D-IR spectra.
A.4.1 Pump-Induced Linear Dichroism Spectra
The acquisition of 2D-IR spectra without being affected by any scattering contam-
ination is a great challenge per se [17, 231]. The high sensitivity of the 2D-IR
spectrometer in the box-CARS geometry, ensured by the possibility to control the
local oscillator (LO) and the beams 1, 2 and 3 independently of each other, com-
bined with the option to collect ‖ and ⊥ pump-excited spectra quasi-simultaneously,
has outstanding potential. These advantages can be exploited together to obtain
site-specific information in biological samples, employing the IR label azidohomoala-
nine (Aha) [35, 36, 99–103] and suppressing to a great extent the D2O absorption
background from the Aha absorption signal as described below.
The sample employed for testing the updated version of the 2D-IR spectrome-
ter in the box-CARS geometry was a solution of azidohomoalanine (Aha) in D2O
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(volume needed ≈ 0.5 µL, Aha concentration ≈ 1.2 mM) placed in a static cell con-
sisting of two 2 mm thick CaF2 windows (Crystran Ltd, UK) separated by a 25
µm Teflon spacer. The data were collected with both ‖ and ⊥ pump excitations
as described before at different waiting times (T2 = 200 fs, 300 fs, 400 fs and 500
fs) obtaining two indipendent datasets for each T2 (see Fig. A.3 and Fig. A.4).
The subtraction of the two spectral datasets (‖ − ⊥ pump-excited) gives rise to the
pump-induced linear dichroism spectra, where the D2O background absorption was
suppressed to a variable extent, and the suppression increases with T2 (see Fig. A.4,
Fig. A.7, and Tab. A.2 for details). The time needed for both ‖ and ⊥ data acqui-
sitions at each T2 was circa 25 min (≈ 7.7x10
6 laser shots) with a laser noise below
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Figure A.3: Photon echo signals collected at T2 = 200 fs and at the detection fre-
quency value of circa 2114 cm−1 for both ‖ and ⊥ data acquisitions (top and bottom
plots, respectively). The different colours in the plots on the left highlight the exact-
quasi-phase-cycling sequence over 4 consecutive laser shots where each interferogram
has been acquired with a different quasi-phase-shift value (see Tab. A.1, 1st shot
blue, 2nd shot green, 3rd shot red, 4th shot turquoise). The interferograms are
coupled two by two (1st-3rd and 2nd-4th shots) with a relative phase difference of
π which causes the change of the signal sign between the two pairs. After an appro-
priate linear combination of them (1st−2nd+3rd−4th shot black, right plots) the
photon echo signal is not affected by any scattering contribution. The RE part at
t1 ≥ 100 fs has been highlighted in red for both ‖ and ⊥ pump excitations to show
the different extent of the Aha photon echo signal in the two cases.
To highlight the shot-to-shot exact-quasi-phase-cycling data collection, an ex-
ample of the interferograms acquired with ‖ and ⊥ pump excitations are showed in
Fig. A.3 (top left and bottom left plots, respectively). Due to the cosine phase de-
pendency of the 2D-IR signal (E2DIR ∝ cos(ωt+ φE
∗
2DIR)), the four interferograms
104

































































































Excitation frequency in cm−1
 pump ⊥ pump
pump-induced linear
dichroism spectra










Figure A.4: 2D-IR spectra of circa 1.2 mM Aha in D2O as a function of the pump
polarization (‖ or ⊥) and the waiting time T2. The first and the second columns
have been acquired with ‖ and ⊥ pump excitations, respectively. The third column
has been obtained by subtraction of the first two giving rise to the pump-induced
linear dichroism spectra (‖ − ⊥ pump-excited spectra). The subtraction suppresses
partially the strong background absorption of D2O, and the suppression increases
with T2.
collected with a different quasi-phase-shift are coupled in pairs with a relative phase
difference of π (see Tab. A.1 and Fig. A.3). The appropriate linear combination of
them gives rise to a photon echo interferogram for each ‖ and ⊥ data acquisitions
without any scattering contribution (see Fig. A.3, top right and bottom right plots,
respectively and Tab. A.1). Each of them is the result of the sum of the D2O and
the Aha photon echo responses. The ⊥ pump-excited interferogram in Fig. A.3 has
an overall lower amplitude (circa 20% smaller) compared to the ‖ one, due to the
lower amount of excited molecules detected by the p-polarized probe beam in the
first case.
In a 2D-IR experiment, the signal strength scales quadratically with the extinc-
tion coefficient (ǫ) and linearly with both optical path length (b) and concentration
(c), which is an advantage respect to FTIR spectroscopy, where it scales only lin-
early with ǫ, b and c (Abs2DIR = ǫ
2bc, AbsFTIR = ǫbc). This peculiarity enhances
the Aha signal which has a relatively high extinction coefficient and low concen-
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tration (ǫAha ≈ 350-400 M
−1 cm−1 [102], cAha ≈ 1.2 mM) in comparison to D2O
which has a small extinction coefficient at circa 2110 cm−1 and a huge concentration
(ǫD2O ≈ 1.8 M
−1 cm−1 [31, 239], cD2O ≈ 55 M). Aha and D2O are two oscillators
with different vibrational lifetimes (τD2O ≈ 400 ± 30 fs [240], τAha ≈ 1000 ± 100 fs
[102]) and anisotropic behaviours. Bulk liquid D2O has the exceptional character-
istic to have an ultrafast decay of the anisotropy which is almost complete after
200 fs (anisotropy value circa 0.055) due to the Förster resonance energy trans-
fer mechanism operating among the neighboring D2O molecules, as described by
Piatkowski et al. [240]. On the other hand, Aha is expected to have a slower
anisotropic decay due to only its rotational motion and not to an exceptional ultra-
fast depolarizing mechanism as in the case of D2O. As a result of these different
characteristics, a discrimination between the two oscillators has been experimentally
observed. The Aha photon echo signal is clearly visible on top of the D2O response
in the RE part at t1 ≥ 100 fs due to its longer lifetime. It is evident for the ‖ data
acquisition, while is not anymore for the ⊥ one (see Fig. A.3, red square), which
highlights the different anisotropic behaviours between Aha and bulk liquid D2O,
already at T2 = 200 fs. Analyzing the data in the frequency domain after a Fourier
transformation along the pump excitation axis, the same different anisotropic be-
haviours have been observed for the two oscillators. Several 2D-IR spectra were
acquired with T2 delays from 200 to 500 fs (see Fig. A.4). It can be clearly observed
that in all the ‖ pump-excited spectra there is a more pronounced Aha bleaching fea-
ture on the top of the D2O absorption around 2118 cm
−1 along the diagonal, respect
to the corresponding ⊥ pump-excited spectra (first two columns in Fig. A.4). The
relative bleaching feature of Aha increases with T2 for both ‖ and ⊥ pump-excited
datasets due to the longer lifetime of Aha respect to D2O. Another minor effect has
been observed increasing T2; the D2O background absorption shifts towards lower
frequencies along the pump excitation axis, as a possible consequence of heat dissi-
pation effects on the D2O absorption band. The third column in Fig. A.4 represents
the difference between the first two giving rise to the pump-induced linear dichroism
spectra (‖ − ⊥ pump-excited spectra). It has to be stressed that this subtraction
decreases quantitatively the D2O absorption background in favor of the Aha signal,
enhancing its detectivity. This enhancement increases with T2 due to the different
lifetimes of the two oscillators and to the de facto complete anisotropic decay of
bulk liquid D2O at T2 = 500 fs (anisotropy value circa 0.01 [240]). To reveal this
enhancement effect more clearly, the series of 2D-IR spectra acquired at T2 = 200
and 500 fs with ‖ and ⊥ pump excitations are shown in Fig. A.5 and Fig. A.6, while
the corresponding pump-induced linear dichroism spectra in Fig. A.7. A section of
the 2D-IR spectra along the detection frequency axis at ν̃3 ≈ 2121 cm
−1 has been
highlighted, where the best visual discrimination of the Aha and the D2O signals is
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present, due to the different signs of the Aha absorption bleaching (negative) and
the D2O excited state absorption (positive). To quantify the extent of the D2O
background suppression in each pump-induced linear dichroism spectrum, an esti-
mate of the Aha contribution to the total signal (Aha + D2O background) has been
made, as shown and described in Fig. A.7, and Tab. A.2.


































Figure A.5: 2D-IR spectra of circa 1.2 mM Aha in D2O acquired with ‖ and ⊥
pump excitations at T2 = 200 fs (top left and bottom left graphs, respectively). The
spectra on the right side represent the sections along the detection frequency axis
at ν̃3 ≈ 2121 cm
−1 which have been highlighted with the black dotted lines on the
corresponding 2D-IR spectra. The color scale of the 2D-IR spectra are relative to
the spectrum collected with the ‖ pump excitation (top left graph).
In conclusion, the 2D-IR spectrometer in the box-CARS geometry was described
in details with its latest improvements: the exact-quasi-phase-cycling scattering sup-
pression [231] implemented at the repetition rate of ≈ 5.13 kHz, and the polarization
control of the pump excitation by a home-built special mask where two servos were
connected to two λ/2 waveplates (see Fig. A.2). The combination of these new
characteristics of the optical setup together with the fast mechanical scanning of
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Figure A.6: 2D-IR spectra of circa 1.2 mM Aha in D2O acquired with ‖ and ⊥
pump excitations at T2 = 500 fs (top left and bottom left graphs, respectively). The
spectra on the right side represent the sections along the detection frequency axis
at ν̃3 ≈ 2121 cm
−1 which have been highlighted with the black dotted lines on the
corresponding 2D-IR spectra. The color scale of the 2D-IR spectra are relative to
the spectrum collected with the ‖ pump excitation (top left graph).
the coherence time delay t1 permitted the excellent quality, quasi-simultaneous data
collection of the ‖ and the ⊥ pump-excited spectra. The subtraction of the two
datasets (‖ − ⊥ pump-excited at each T2) gave rise to the pump-induced linear
dichroism spectra (see the spectra in Fig. A.4 – 3rd column, and in Fig. A.7). As
a result of the different anisotropic behaviours and lifetimes of the two oscillators,
Aha and bulk liquid D2O, a substantial reduction of the D2O background has been
observed increasing the waiting time T2 from 200 to 500 fs. The contribution of
the Aha signal relative to the total signal (Aha + D2O background) increased from
≈ 38% to ≈ 76% (see Tab. A.2 for details) and its enhancement is clearly visible,
as shown in the spectra of Fig. A.4 – 3rd column, and of Fig. A.7. Moreover, from
the comparison of the pump-induced linear dichroism spectrum of Aha acquired at
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Table A.2: Estimate of the contribution of the Aha signal in % relative to the total
signal (Aha + D2O background) in the pump-induced linear dichroism spectra (see
Fig. A.4 and Fig. A.7) as a function of the waiting time T2. The values have been
calculated by a relative quantification of the D2O and Aha signals at ν̃3 ≈ 2121 cm
−1
as shown in Fig. A.7, where the two signals have positive and negative signs, respec-
tively. A linear fit of the experimental data has been performed without considering
the Aha bleaching signal to make the estimate mentioned above. The error associ-
ated with each estimate is smaller than 1%.
T2 Pump Aha signal relative to the Total signal
(fs) Polarization (Aha + D2O background) in %
200 ‖ - ⊥ 38 ± 0.4
300 ‖ - ⊥ 51 ± 0.5
400 ‖ - ⊥ 63 ± 0.6
500 ‖ - ⊥ 76 ± 0.8
T2 = 500 fs with the D2O background-subtracted Aha spectrum in Fig. A.8, we can
observe that both spectra have similar features with the same Aha bleaching ab-
sorption frequency at ≈ 2118 cm−1. Therefore, we can conclude that the collection
of pump-induced linear dichroism spectra of Aha sample solutions at T2 = 500 fs is a
useful tool to obtain information about the polarity changes of the Aha chemical en-
vironment, which can be investigated from a spectroscopic point of view, observing
the frequency shifts of the Aha bleaching absorption. Due to the extensive employ-
ment of Aha in Biophysics as a sensitive, site-specific, and minimally invasive IR
probe [35, 36, 101–103], it is crucial to be able to perform spectroscopic experiments
on Aha using the least amount of sample as possible, especially when the objects
of study are sophisticated proteins which synthesis, purification and sample prepa-
ration are a significant effort. Hence, with the presented 2D-IR spectrometer in the
box-CARS geometry a static cell with only ≈ 0.5 µL of ≈ 1.2 mM of Aha sample
solution is needed to perform the 2D-IR experiments with the remarkable advantage
to using small amounts of sample in the sub-nmol regime.
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Figure A.7: Pump-induced linear dichroism spectra (‖ − ⊥ pump-excited spectra)
of circa 1.2 mM Aha in D2O acquired at T2 = 200 and 500 fs (top left and bottom
left graphs, respectively). The spectra on the right side represent the sections along
the detection frequency axis at ν̃3 ≈ 2121 cm
−1 which have been highlighted with
the black dotted lines on the corresponding 2D-IR spectra. Each section has been
linearly fitted (black dashed line) excluding the Aha bleaching signal from the fitting
procedure in order to quantify the relative contributions of the Aha (negative) and
D2O (positive) signals to the total signal (see Tab. A.2 for details). The green and
orange arrows in the graphs represent the absolute values of the Aha and the D2O
contributions, respectively. The color scale of the 2D-IR spectra are relative to the
spectrum collected at T2 = 200 fs (top left graph).
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Figure A.8: Pump-induced linear dichroism spectrum (‖ − ⊥ pump-excited spectra)
of circa 1.2 mM Aha in D2O acquired at T2 = 500 fs (left graph). The right graph
represents the spectrum of circa 2.5 mM Aha in D2O acquired at T2 = 300 fs with ‖
pump excitation, where the Aha signal has been isolated after subtracting the D2O
background signal, which has been acquired separately in an analogous manner.
The 2D-IR spectra have the same number of contour lines but the color scales are
different in the two cases.
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